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P e rh a p s  the o r g a n  o f  the h u m a n  
b o d y  th a t  e v o k es  the m o s t  a s ­
to n is h m e n t ,  a n d  yet is the least  
u n d e r s t o o d ,  is o u r  b ra in .  F r o m  the  
c o o r d i n a t i o n  o f  sim ple  m o v e m e n t s ,  
to  c o n s c io u s n e s s  and t h o u g h t ,  the  
fu n ctio n  o f  the n e rv o u s  sy s te m  re­
lies o n  the e s ta b l is h m e n t  o f  tr illions  
o f  p recise  c o n n e c t io n s  a m o n g  the  
m a n y  n e u r o n s  t h a t  c o n s t i t u t e  it. 
B uilding  an o r g a n  o f  su ch  c o m p l e x ­
ity  o b v i o u s l y  c a n n o t  be le f t  to  
c h a n c e .  As the n e rv o u s  sy s te m  d e ­
v elo p s ,  n e u r o n s  m u st  e x te n d  then-  
l o n g  e x t e n s i o n s ,  c a l l e d  a x o n s ,  
th ro u g h  the e m b r y o n ic  e n v ir o n m e n t ;  
the lead in g  tips o f  these a x o n s ,  called  
g r o w t h  c o n e s ,  a re  used by the n e u ­
ro n s  to  find th eir  ta r g e t  cells  and  
e s t a b l i s h  s y n a p t i c  c o n t a c t s  w i th  
th e m .
T h is  p ro c e s s  c a n  be divid ed  in to  
th re e  p h a se s  w ith  d is t in c t  p r o p e r ­
ties: p a t h w a y  se le c t io n ,  ta r g e t  s e le c ­
t io n ,  an d  a d d re ss  se lec t io n  (F ig u re  
1).  F i r s t ,  the g r o w th  c o n e s  e x te n d  
a lo n g  sp ecif ic  p a t h w a y s ,  o ften  t r a ­
v ersing  lon g  d is ta n c e s .  S e c o n d ,  they  
rea ch  the ta r g e t  re g io n  an d  m a k e  
t h e i r  in i t ia l  c o n t a c t s  w i th  c e l l s .  
T h i r d ,  th e  g r o w th  c o n e s  se le c t  th eir  
a d d r e s s ,  the  p r o p e r  s y n a p t ic  p a r tn e r  
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A x o n a l  p a t h f i n d i n g  i s  
a c c o m p l i s h e d  b y  t h e  
s p e c i f i c  i n t e r a c t i o n  o f  
r e c e p t o r s  o n  t h e  
s u r f a c e  o f  g r o w t h  
c o n e s  w i t h  m o l e c u l a r  
c u e s  i n  t h e  e m b r y o n i c  
e n v i r o n m e n t
a b ly ,  b o th  p a t h w a y  and ta r g e t  s e le c ­
tio n  a re  s te r e o ty p e d  a n d  m o s t ly  e r ­
r o r  free , an d  th ey  are  in d e p e n d e n t  
o f  the g e n e r a t i o n  o f  a c t i o n  p o t e n ­
tials  by the n e u r o n s  in v o lv e d .  In 
c o n t r a s t ,  a d d re s s  se lec t io n  in vo lv e s  
th e  re f in e m e n t  o f  initially  p r o m i s ­
c u o u s  c o n n e c t io n s  th r o u g h  a c t i v i ty -  
d e p e n d e n t  m e c h a n is m s  ( G o o d m a n  
an d  S h a tz  1 9 9 3 ) .  T h e  m e c h a n is m s  
u n d e rly in g  th e  first s ta g e ,  p a t h w a y  
s e le c t io n ,  an d  sp e c if ica l ly  the ro le  o f  
the  cell s u r f a c e ,  a re  th e  s u b je c ts  o f  
this a r t ic le .
P a t h w a y  se le c t io n  c a n  be d is t in ­
g u ish ed  f r o m  t a r g e t  s e le c t io n  by its 
in d e p e n d e n c e  f r o m  th e  final ta r g e t .  
M o s t  a x o n s  s t a r t  g r o w in g  even b e­
fo r e  the t a r g e t  h as  d e v e lo p e d ,  using  
i n t e r m e d i a t e  c u e s ,  o f te n  cells  r e ­
fe r re d  to  as  g u id e p o s ts ,  a lo n g  the  
w a y .  T h e  w o r k  o n  sim p le  a n d  a c c e s ­
sible  n e r v o u s  s y s te m s  o f  in v e r t e ­
b ra te s  h as  s u g g e s te d  a g e n e ra l  s t r a t ­
egy by w h ic h  th ese  a n im a ls  build  
n e u r a l  n e t w o r k s  (B a te  1 9 7 6 ,  B entley
and O ’C o n n o r  1 9 9 2 ,  G o o d m a n  et 
al. 1 9 8 4 ) :  F i r s t ,  p io n e e r  n e u r o n s  lay  
d o w n  a s im p le  sc a f f o ld  o f  a x o n s  
usin g  g u id e p o s t  ce lls ,  a n d  th en  the  
la te r  d e v e lo p in g  n e u r o n s  in tu rn  use 
th ese  p io n e e r  a x o n s  as  p a th w a y s ,  
f o l lo w in g  th e m  in c lo s e  ap p o si t io n  
( a x o n  f a s c i c u l a t io n ) .  A s  the n u m b e r  
o f  f o l lo w e r  g r o w t h  c o n e s  in crea ses ,  
the  n a r r o w  tra ils  e s ta b lis h e d  by the  
p i o n e e r s  s o o n  b e c o m e  m u l t i la n e  
h ig h w a y s  o f  g r e a t  c o m p l e x i t y .  W o rk  
in v e r t e b r a t e  e m b r y o s  ( E a s t e r  et al. 
1 9 9 4 ,  K u w a d a  1 9 8 6 )  su g g ests  that  
the  s a m e  s t r a te g y  is used  in the d e ­
v e lo p m e n t  o f  m o r e  c o m p l e x  n e r ­
v o u s s y s te m s  as w ell .
E v e r  s in ce  the  f irs t  o b s e rv a tio n s  
o f  n e u r o n a l  g r o w t h  c o n e s  by the 
n e u r o h i s to lo g i s t  R a m o n  y C aja l  in 
the late n in ete en th  c e n tu r y ,  they have  
b e e n  c o n s i d e r e d  m i c r o s e n s o r s  of  
th eir  e n v i r o n m e n t .  A  v a r ie ty  o f  en ­
v ir o n m e n ta l  c u e s ,  in c lu d in g  e le c t r i ­
c a l ,  p h y s ic a l ,  an d  c h e m ic a l  cu es ,  have  
b een  in v o k e d  to  d e s c r ib e  g u id an ce  
o f  g r o w th  c o n e s ,  but re c e n t  w o rk  
s u g g e sts  t h a t  c h e m ic a l  cu e s  p lay  the  
m o s t  i m p o r t a n t  ro le .  P h y s ic a l  ele­
m e n ts ,  s u c h  as tiss u e  b a rr ie rs  or  
c h a n n e l s ,  a re  n o t  as c r u c ia l  f o r  gu id ­
a n c e  as in it ia lly  t h o u g h t  b eca u se  
g r o w t h  c o n e s  a r e  p e r s i s t e n t  and  
in v a siv e .  T h e y  c a n  a d v a n c e  th ro u g h  
d iff ic u lt  o b s ta c le s  by se c re t in g  e n ­
z y m e s  t h a t  d isso lv e  o r  d e g ra d e  the 
m a t r i x  e le m e n ts  (Seeds et al. 1 9 9 2 ) .
T o d a y ,  th e  p re v a i l in g  p a ra d ig m  
is t h a t  a x o n a l  p a th f in d in g  is a c c o m ­
p lish ed  by th e  sp e c if ic  in t e r a c t i o n  of  
r e c e p to r s  o n  th e  s u r f a c e  o f  g r o w th  
c o n e s  w i th  m o l e c u l a r  c u e s  in the  
e m b r y o n i c  e n v i r o n m e n t .  T h e r e  is a
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Fi gure  1.  T h r e e  steps are necessary for 
the  e s t a b l i s h m e n t  o f  the a p p r o p r i a t e  
c o n n e c t i o n s  in the ne rv ous  s ys tem.  N e u ­
rons e x t e n d  a x o n s  t ipped by g r o w t h  
co ne s  t ha t  mu st  sel ec t  the c o r r e c t  p a t h ­
wa y to fo l l o w a m o n g  t he  ma ny possible  
direc t ions  o f  g r o w t h .  A f t e r  a s o m e t im e s  
c o m p l i c a t e d  j o u r n e y  t ha t  br ings  it into 
c o n t a c t  wi th  m a n y  cel l s ,  the g r o w t h  
c o n e  selects  a t arget .  W i t h i n  the target ,  
the a x o n s  of ten f o r m  b r a n c h e s  t ha t  i ni ­
t ially c o n t a c t  m a n y  cel ls.  F i nal ly ,  the 
g r ow th  c o n e  m u s t  select  its f inal  a d ­
dress:  a smal l  n u m b e r  o f  cel ls ,  o r  even a 
single cel l ,  wi th wh i c h  it e st abl ishes  a 
f u n c t i o n a l  c o n n e c t i o n — t he  s y n a p s e .  
D u r in g  addr es s  s e l e c t i on ,  i n a p p r o p r i ­
ate synapses  are  e l im in at ed  by an a c t i v ­
i ty- dependent  proc ess .
m o le c u la r  c o d e  o f  in fo r m a tio n  c o m ­
posed o f  cues in the  e n v iro n m e n t  
and c o rr e s p o n d in g  r e c e p to r s  on n e u ­
ro n a l  m e m b r a n e s .  G r o w t h  c o n e s  
m u st d e c ip h e r  the  h e t e r o g e n e o u s  
ch em ica l  in fo r m a tio n  th a t  they e n ­
c o u n te r  in the e n v iro n m e n t  to  m a k e  
specific p a th w a y  c h o ic e s .  T h is  in­
fo r m a tio n  is e n c o d e d  by p o sitio n al  
cu e s — m o l e c u l e s  a n c h o r e d  to  cell  
m e m b r a n e s  o r  to  the e x t r a c e l lu la r  
m a t r i x  (a m e sh lik e  s t r u c t u r e  th a t  
fills in the in te r c e l lu la r  s p a c e )  or  
soluble f a c to rs  released  f r o m  a gu id e-  
p o st  o r  ta r g e t  cell. T h e  g u id a n c e  cue  
is d ete c ted  a t  the cell s u rfa c e  by a 
specific r e c e p t o r ,  w h ich  then tr ig ­
g e rs  c h a n g e s  in s id e  the ce ll  th a t  
lead to  a p a th w a y  ch oice  (D o h erty  
and W a lsh  1 9 9 4 ,  K ater  and R ehd er  
1 9 9 5 ) .
S everal  e x p e r im e n t a l  a p p r o a c h e s  
Have been used to  a n a ly z e  the role  of  
the cell s u r f a c e  in a x o n  g u id a n c e .  
A n a ly ses  a t  b o th  the ce llu lar  and  
m o l e c u l a r  levels a re  n o w  c o n v e r g ­
ing to  c o n tr i b u te  to  u n d e rs ta n d in g  
o f  a x o n a l  p a th f in d in g .
W h a t  c a n  w e  le a r n  b y  
o b s e r v in g  g r o w t h  c o n e s ?
P a th fin d in g  is a c c o m p lis h e d  by the  
g r o w th  c o n e .  T h is  highly  s p e c ia l ­
ized s t r u c tu r e  is involved both  in the  
e lo n g a tio n  o f  the a x o n  by assem b ly  
o f  n e w  p l a s m a  m e m b r a n e  a n d  
c y to s k e le to n  (the in tra c e l lu la r  p r o ­
tein n e tw o r k  th a t  sh ap es  rhe cell) 
and in e x p lo r a t io n  o f  the e m h ry o n ic  
e n v iro n m e n t  to  d e te rm in e  the d ir e c ­
tion  o f  g r o w th .  D ire c t  o b s e rv a tio n  
o f  g r o w th  co n e s  in b o th  fixed and  
living p re p a ra t io n s  su ggests  th a t  they  
a re  c o n t in u a l ly  sn iffing  o u t  g u id ­
a n c e  cu es in the s u rro u n d in g  e n v i­
ro n m e n t  (Stirling and D u n lo p  1 9 9 5 ) .
G r o w th  co n e s  c a n  resp on d  d iffer­
ently to different g u id a n ce  cues. T h ey  
can  g r o w  to w a r d  the cue o r ,  s u rp ris ­
ingly, they c a n  r e t ra c t  o r  co l lap se  to  
av o id  the initial c o n t a c t  and then  
re d ire c t  th eir  g ro w th  a w a y  fro m  the  
c u e .  T h e  p h e n o m e n o n  o f  g r o w th  
co n e  co llap se  (F igu re  2 a )  w a s  ini­
tially d e scrih ed  by K a p fh a m m e r  and  
R a p e r  ( 1 9 8 7 ) ,  w b o  ob serve d  g to w t h  
c o n e s  in cu ltu re .  Since th en , m a n y  
o th e r  e x a m p l e s  h ave been fo u n d ,  
both  in tissue c u ltu re  e x p e rim e n ts  
and in living e m b ry o s  (G o o d m a n  
a n d  S h a tz  1 9 9 3 ,  L u o  an d  R a p e r  
1 9 9 4 ,  P a t te r s o n  1 9 8 8 ) .  M o r e  im ­
p o r t a n t ,  these findings h ighlight the  
idea th a t  rep u lsio n  c a n  be as i m p o r ­
t a n t  a g u id a n c e  m e c h a n is m  as a t ­
t r a c t i o n .
W h e n  a g ro w th  c o n e  e x p lo re s  its 
e n v ir o n m e n t ,  it e x te n d s  m a n y  long  
fingerlike p r o t r u s i o n s ,  ca lled  filo­
p o d ia ,  th a t  sense e x te r n a l  cu es.  T h e  
c o n t a c t  o f  a single fi lop od iu m  with  
a g u id e p o s t  cell is e n o u g h  to  s te e r  a 
g ro w th  co n e  by ca u s in g  it to  m od ify  
its c y to s k e le to n  ( O ’C o n n o r  et al. 
1 9 9 0 ) .  L ik e w ise ,  the c o n t a c t  o f  a 
single f i lo p o d iu m  w ith  fra g m e n ts  of  
cell m e m b r a n e s  f r o m  t a r g e t  cells  
(M u lle r  et al.  1 9 9 0 )  o r  w ith  beads  
co a te d  w ith a single g u id a n ce  m o l ­
e c u le  ( F a n  a n d  R a p e r  1 9 9 5 )  c a n  
ca u s e  the g r o w th  co n e s  o f  cu ltu red  
v e r te b r a te  n e u r o n s  to  c h a n g e  d ir e c ­
t io n ,  e ith e r  to w a r d  o r  a w a y  from  
the cue (F ig u re  2 b ) .  T h e s e  e x p e r i ­
m en ts  su g g est th a t  the m e ch a n ism s  
m e d ia t in g  g r o w th  co n e  g u id a n c e  are  
ex q u is ite ly  sen sitive : T h e  c o n t a c t  o f  
a tiny p o r t io n  o f  the n e u r o n ’s s u r ­
face c a n  g e n e ra te  a resp o n se  to  a 




Figure 2 .  Ce l l ul ar  m e c h a n i s m s  un de rl y­
ing g r ow th  c o n e  pat hf indi ng.  (a) S c h e ­
mat ic  i l lustrat ion o f  the process  o f  c o l ­
lapse observed in cul tured ne uro ns  when 
gr owt h cones  receive an i nh i bi to r y  cue 
f ro m rhe e n v i r on me n t .  G r o w t h  c one s  
e xt e nd ing  in cul ture  over  a permissive 
s u b s t r a t u m  n o rm al ly  have a f lat  and 
b r o a d  s h a pe  wirh mu l t i p l e  f i lo p o d i a  
e x p lo r i n g all di rec t ions  (left).  Thi s  e x ­
p a n d e d  g r o w t h  c o n e  r e t r a c t s  i ts  
f i l o p o d i a  and  b e c o m e s  a t h r e a d l i k e  
s t ruc ture  (righr) when a sol uble  i nhi bi ­
t ory m o l ec ul e ,  the col l aps ing  f ac to r ,  is 
added to rhe cul ture  medi um,  (b) A t ­
t r a c t i o n  or  re p ul s i on  c an  he a c c o m ­
pl ished when the g r ow t h c on e  surface  
c o n t a c t s  a local ized gui danc e cue.  T he  
c o n t a c t  of  a single f i l opo di um (lefr) with 
a s ource  o f  g ui da nc e  cue (red sphere)  is 
s uf f ic ient  to re or i ent  a x o n a l  g r o w t h  t o ­
wa rd  (middle)  o r  a w a y  (right)  f rom the 
cue.  (c) G r o w t h  c o n e - g r o w t h  c on e  s ur­
face c o n t a c t  is necessary for insect  c o m ­
missural  ne ur ons  to fo l l ow their  p a t h ­
way.  T h e  a x o n s  o f  n eu ro ns  t ha t  cross  to 
the o the r  side o f  the e m b r y o  are d i ­
rected t owa rd  the midl ine (upper) ,  p r o b ­
ably by a c h e m o a t r r a c t a n t  t hat  f orms a 
g radi ent  (red a rr ows ) .  T h e y  then c o n ­
t a c t  each ot her  and f as ci culat e t o ge the r  
to g r o w a w a y  f ro m the mi dl i ne  and 
d o w n  t he  c h e m o a t t r a c t a n t  g r a d i e n t  
(middle) .  C o n t a c t  hetween the t wo a x ­
o nal  sur f ac es  is an essent ia l  r e q u i r e ­
ment :  W h e n  one  o f  the n e u r on s  is ki l led,  
its p ar t ner  c a n n o t  g r o w  pa st  the midline 
( lower) ,  (d) A di al ogue  can be e s t a b ­
l ished be twe en t w o  g r o w t h  c ones .  O n c e  
a f i l opo di um has c on t a c t e d  a n o t h e r  cel l ,  
i n f o r m a t i o n  can f l ow in t wo putative 
direc t ions :  f rom the cell  to t he  f i lopo-  
dium (green a r r ow )  t hr ou gh cell  s u r a c e  
r ec ept or s ,  and  f ro m the f i l opo di um to 
t he  ce!i  (blue a r r ow )  by indm in£ the 
f o r m a t i o n  o f  c o at e d  pi i i  ,i . J
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i In.- . |i. ^ in lii c y i o d c d e t o n  hlj o  
frsvanv in fTIOvc i hi? g ro w rh  c o n £ ;  
th ese  m o le c u le s  serv e  ,is .in a m p lify ­
ing m e c h a n is m  (Dobi.Tiy And W alsh  
1 9 9 4 ,  K .uxt  a n d  R e liJe i  3 9 9 5 k  In 
par lieul.afr, die le el ol ihtro .ellul ir 
c a lc b im  is re co g n ize d  ;■-> -i ! e . ,■ - 
o n d  m e s s e n g e r  t h a t  mi u te s  
g r o w th  c o n e  m o tili ty .  T ie ana ysis 
o f  c y t o p l a s m i e  c a l u m i l  icv els  in 
f i lo p o d ia  ,s u rg ic a l ly  is<'l:Ued from  
the  p a r e n t  g r o w th  c o n e  c o n f i r m s  
t h a t  f i lo p o d ia  a re  fu n d a m e n ta l  e le ­
m e n ts  in g r o w th  co n e  g u id a n c e ,  a c t ­
ing as a n te n n a - l ik e  s e n so rs  o f  the  
e n v i r o n m e n t  ( K a t e r  a n d  R e h d e r  
1 9 9 5 ) .
A n o th e r  in teres tin g  e x a m p le  o f  
the re q u ir e m e n t  for g r o w t h  c o n e  
c o n t a c t  w ith  g u id a n c e  c u e s  is the  
in te r a c t io n  o f  n e u r o n s  a t  th e  m id ­
line o f  in sect  e m b r y o s  (F ig u r e  2 c ) .  
T h e  b un d les  of  a x o n s  th a t  c o n n e c t  
the tw o  b ila tera l  h alves o f  the n e r ­
vou s sy stem  are  c a lled  c o m m is s u r a l  
t r a c ts .  O n e  n e u r o n  on e a c h  side p i o ­
n eers  e a c h  c o m m is s u r a l  t r a c t  by e x ­
te n d in g  an a x o n  to w a r d  th e  m i d ­
line, w h ere  the g r o w th  co n e s  o f  the  
tw o  n e u r o n s  c o n t a c t ;  b o th  then p r o ­
ceed to  g r o w  in c lo se  a p p o s i t io n  
until they rea ch  the o p p o s i te  n e u ­
ro n a l  cell b o d y . M y e r s  an d  B a stian i  
( 1 9 9 3 )  h ave o b s e rv e d  th a t  c o n t a c t  
o f  the g r o w th  c o n e s  an d  su b s e q u e n t  
fa s c ic u la t io n  o f  the a x o n s  a re  n e c e s ­
s a r y  for the a x o n s  to  g r o w  p a st  th e  
m idline: If o n e  of the cells is killed,  
its c o n t r a l a t e r a l  p a r tn e r  s to p s  a t  th e  
m id lin e . T h is  o b s e r v a t i o n  su ggests  
the  fo l lo w in g  m o d e l :  G u id a n c e  t o ­
w a r d  the m id lin e  is c a u s c d  by a 
g r a d i e n t  o f  a c h e m o a t t r a c t a n t ,  a 
so lu b le  m o le cu le  p ro d u c e d  by the  
m id lin e  cells  ( G o o d m a n  1 9 9 4 ) ;  the  
g r o w t h  c o n e s  e x te n d  up this g r a d i ­
e n t ,  but o n c e  they re a c h  the  m idlin e ,  
c o n t a c t  w i t h  t h e  c o n t r a l a t e r a l  
g r o w t h  c o n e  an d  th e  s t r o n g  f a s c i c u ­
lation  o f  b-.- h a x o n s  a re  n e c e s sa ry  
to  ■■ :<> lit i 1 if rnidlirx  s ignal and  
a 11 o ' .  ihe a xo n '-  o g r o w  d o w n  the  
graH?t:tt In thr-; j.' .mdanci’ sy s te m ,  
ce l !  s u r f a c e  intL'raLtions a re  d o m i ­
n a n t  to  Hie s o l i ihit- c h e m o a t r r a c t n n t  
g r a d i e n t
A g e n e ra l p r e f i e r t j  r>i g ro w th  
co n e s ti th a t they need to  j J h e i e  to 
a io lid  oiifjatr ai I- x  and  
' e \ „  11' crc-1 '  1 u >' ■■ :ratC5 
;l m i ' ilh'.-rs 1 '■> i ■■!]> , «, In.- 
ide:i o f  u sin g  d iffe re n tia l ad h esio n
fo r  g r o w th  c o n e  g u id a n c e  is c e r -  
c; ii fiTy an a t t r a c t i v e  h y p o th e s is .  T h e  
; a ;it t w a y  for the g r o w th  c o n e  to  
seiei L a m o n g  p a th w a y s  w o u ld  be to  
fo l lo w  the m o r e  a d h e s iv e  tra i l .  H o w ­
e v e r ,  g r o w th  c o n e  p re fe r e n c e s  do  
n o t a lw a y s  c o r r e l a t e  w ith  th e  d egree  
o f  a d h e s i v e n e s s  ( L u o  a n d  R a p e r
1 9 9 4 ) ,  and o th e r  sp e cif ic  m o le c u la r  
i n te r a c t io n s  m a y  he s u p e r im p o s e d  
on  d i f f e r e n t i a l  a d h e s i o n  m e c h a ­
n ism s.
In th ese  e x a m p le s  w e  h ave  d e ­
sc r ib e d  th e  g r o w th  c o n e  s u r f a c e  as 
o n ly  a r e c i p i e n t  o f  i n f o r m a t i o n .  
H o w e v e r ,  it c a n  a lso  c o n v e r s e  w ith  
o th e r  cells. T h is  s o r t  o f  d ia lo g u e  
w as seen by B a s tia n i  and G o o d m a n  
( 1 9 8 4 )  w hen e x a m i n i n g  the g r o w t h  
c o n e s  of  tw o  p io n e e r  n e u r o n s  in the  
g r a s s h o p p e r  e m b r y o  w ith  the e le c ­
tro n  m i c r o s c o p e .  M a n y  f i lo p o d ia  
f ro m  o n e  g r o w th  c o n e  in sert  deep  
w ith in  the o th e r  an d  in d u ce  th e  f o r ­
m a tio n  o f  c o a te d  pits an d  vesicles  
th ere  (F ig u r e  2 d ) .  T h is  type o f  in te r ­
a c t io n  is sp e cif ic  for p a r t i c u l a r  p airs  
o f  cells an d  su g g ests  a tr a n s f e r  of  
m o l e c u l a r  i n f o r m a t i o n  f r o m  o n e  
g r o w th  c o n e  to  a n o t h e r  th a t  m ig h t  
be im p o r t a n t  for th eir  s u b s e q u e n t  
b e h a v io r .
S e a r c h i n g  f o r  th e  m o le c u le s  
t h a t  c o d e  f o r  a x o n  g u id a n c e
C e l lu la r  s tu d ie s  reveal  th e  v a r ie d  
b e h a v io rs  o f  g r o w th  c o n e s  d u rin g  
th e ir  n a v ig a t i o n ,  but a d e scr ip tio n  
of th ese  b e h a v io rs  a t  the  level o f  the  
m o l e c u l a r  in te r a c t io n s  o c c u r r i n g  at  
th e  g r o w th  c o n e  s u r f a c e  is n e e d e d  to  
u n d e r s t a n d  p a th f in d in g .  M u l t i p l e  
a p p r o a c h e s  h av e  b een  ta k e n  to  find 
m o le c u le s  in v o lved  in a x o n  g u id ­
a n c e .  O n e  s t r a te g y  is to  g e n e r a te  
m u t a n t  a n im a ls  th a t  h av e  d e fects  in 
a x o n a l  p a th fin d in g .  T h is  a p p r o a c h  
c a n  reveal cel!  s u r f a c e ,  e x t r a c e l l u ­
lar ,  o r  in t r a c e l lu la r p r o t e in s  involved  
in the  s ig n a lin g  p a th w a y s .  S u b se ­
q u e n t  c h a r a c t e r i z a t i o n  o f  the  m o l ­
ecu les  is n eed ed  to  in te r p r e t  th e  d e ­
fect ca u s e d  by th e  m u t a t i o n .  T h r e e  
o rg a n is m s  a re  m o s t  c o m m o n l y  used  
t o  id entify  p a th f in d in g  m u t a n t s :  t w o  
in v e r te b r a te s ,  the fruit fly D r o s o ­
phi la m e l a n o g a s te r  a n d  the n e m a ­
tode C a e n o r h a b d i t i s  e le gan s ,  a n d  
o n e  v e r t e b r a t e ,  the  z e b ra  fish D a n i o  
rerio.
A n o t h e r  g e n e r a l  s t r a t e g y  is to
g e n e r a t e  m o n o c l o n a l  a n t i b o d i e s  
a g a in s t  n e u r o n a l  m e m b r a n e  p ro te in s  
and look for e x p r e s s io n  p a t te r n s  th a t  
a re  su g g e s tiv e  o f  a p a th f in d in g  ro le .  
T h e  s e a r c h  is based on th e  a s s u m p ­
tion  th a t  re le v a n t  m o le c u le s  e x h ih it  
a h e te r o g e n e o u s  s p a tia l  a n d / o r  t e m ­
p o ra l  d is tr ib u t io n  th a t  en ab les  th em  
to  p ro v id e  o r  re ce iv e  g u id a n c e  in­
f o r m a t i o n .  M a n y  o r g a n is m s ,  b oth  
v e r t e b r a t e  a n d  in v e r t e b r a t e ,  h a v e  
been u sed  fo r  this s t r a te g y .  A cla ss ic  
e x a m p l e  is th e  e m b r y o  o f  the  g r a s s ­
h o p p e r  S c h i s t o c e r c a  a m e r i c a n a  
(S a n c h e z  et a l .  1 9 9 5 b ) .  T h e  k n o w l­
ed ge o f  th e  d e v e lo p m e n t  o f  the  g r a s s ­
h o p p e r  n e rv o u s  sy s te m  at th e  level 
o f  single id en tif iab le  cells  has been 
i m p o r t a n t  for the in te r p r e ta t io n  of  
th e  d i f f e r e n t  e x p r e s s i o n  p a t t e r n s  
d e te c te d  w ith  th e  m o n o c l o n a l  an ti-  
h o d ie s .
T h e  re q u ire d  sp a tia l  a n d  t e m p o ­
ral h e te ro g e n e i ty  o f  g u id a n c e  m o l ­
e cu les  poses a q u e s t io n :  H o w  m an y  
m o le c u le s  a re  n e ed ed  to  p ro v id e  the  
n e c e s s a r y  s p e c if ic i ty  fo r  s o  m a n y  
d ifferen t  p a t h w a y s ?  T h e r e  has been 
c o n s id e r a b le  d e b a te  a b o u t  the e x ­
p ected  d iv ersi ty  o f  g u id a n c e  m o l­
e cu le s ,  r a n g in g  fro m  the p o in t  of  
v ie w  th a t  a few m o le c u le s  will su f­
fice, p ro v id e d  th a t  th ey  a re  precisely  
re g u la te d  in s p a c e  a n d  t im e ,  to  the  
o p in io n  th a t  the high d eg ree  o f  p re ­
c isio n  re q u ire s  m a n y  m o le cu le s .  T h a t  
c o n t r o v e r s y  is fad in g  as m a n y  m o l­
e cu les  w ith  d iffe re n t  d e g re e s  o f  s p a ­
tial o r  te m p o r a l  r e s t r ic t io n  a re  be-, 
ing f o u n d .  M o l e c u l e s  h a v e  been  
d e s c r ib e d  w h o s e  e x p r e s s io n  ran ges  
f r o m  b r o a d  p a t te r n s  (e .g . ,  on  the 
s u r f a c e  o f  all n e u r o n s  b u t  n o t  on 
n o n - n e u r o n a l  cells) to  r e s t r ic t io n  to 
a sm a ll  su b s e t  o f  n e u r o n s .  M o r e ­
o v e r ,  s o m e  c a n d i d a te  m o le c u le s  are  
re g io n a l ly  lo ca l iz ed  to  the  s u rfa c e  of  
just the a x o n s  an d  n o t  th e  cell b o d ­
ies; o th e r s  a re  p re s e n t  o n ly  o n  sm all  
s e g m e n ts  o f  the  a x o n a l  s u rfa c e .  In 
th e  m o s t  e x t r e m e  c a s e ,  c a n d i d a te  
m o l e c u l e s  a re  fo u n d  o n ly  o n  the  
g r o w t h  c o n e  s u r f a c e .
F o r  e x a m p l e ,  the  s e a r c h  in g r a s s ­
h o p p e r  e m b r y o s  u sin g  m o n o c l o n a l  
a n t ib o d ie s  h as  re s u l te d  in the  id e n ti ­
f i c a t i o n  o f  s e v e r a l  m o l e c u l e s  e x ­
p re sse d  o n  the  s u r f a c e  o f  d is tin ct  
subsets  o f  a x o n  bundles in the cen tral  
n erv o u s system . A m a p  c o m p a r i n g  the 
d istr ib u tio n  o f  four m o lecu les  in a 
g an glio n  o f  the g ra s s h o p p e r  e m b ry o  is






Figure 3 .  D i a g r a m  s h o w i n g  the subsets  
o f  a x o n  fascicles  t ha t  e xpr ess  d if fe re nt  
surf ace  mo le cu le s  in rhe c ent ra l  nervous  
s y s t e m  o f  rhe g r a s s h o p p e r  e m b r y o .  
L a z a r i l l o  is s h o w n  on t he  lef t ,  a n d  
fascicl in I, f asc i cl in II,  and  s e m a p h o r i n  
I on rhe right .  S o m e  a x o n  bundl es ,  such 
as v M P 2 ,  po ss es s  o n l y  o ne  o f  rbese 
mo le cul es ,  w he r e a s  o the rs ,  such as A/P, 
share  m or e  than one .  T h e  c o m b i n a t i o n  
of  surf ace  mo le cu le s  e x p r es se d  in each 
bundle d et er mi ne s  its ident i ty and can 
be used as g u i da nc e  i n f o r m a t i o n  by orher  
a x o n s .  M F T :  m e d i a n f iber  t rac t ;  p I SN :  
p o s t e r i o r  b r a n c h  o f  i n t e r s e g n i e n r a l  
nerve;  a l S N :  a n t er i o r  b ra n ch  o f  inter- 
s eg m e nt a l  n e r v e  (or  U f as ci c l e ) ;  S N :  
s e g m e n r a l  n e r v e .  A/P,  M P I / d M P 2 ,  
v M P 2 ,  Q ,  L and  R P  I are fascicles  na me d  
after rhe n e u ro ns  t i iat  p i one er  them.
s h o w n  in F i g u r e  3 .  In e a c h  r e p e a t e d  
s e g m e n t  o f  t h e  e m b r y o ,  a g a n g l i o n  is 
f o r m e d  n e a r  t h e  s u r f a c e  o f  t h e  v e n ­
t r a l  m i d l i n e .  A x o n s  e x t e n d i n g  f r o m  
n e u r o n s  f o r m  a s c a f f o l d  t h a t  is o r g a ­
n i z e d  i n t o  l o n g i t u d i n a l  f a s c i c l e s  c o n ­
n e c t i n g  s u c c e s s i v e  g a n g l i a  a n d  t w o  
c o m m i s s u r e s  p e r  s e g m e n t ,  w h i c h  
c o n n e c t  t h e  s i d e s  o f  e a c h  g a n g l i o n .  
In a d d i t i o n ,  a n  a x o n  b u n d l e  f o r m s  
a t  t h e  m i d l i n e ,  a n d  n e r v e s  e x i t i n g  
f r o m  t h e  s c a f f o l d  c o n n e c t  t h e  c e n ­
t ra l  n e r v o u s  s y s t e m  w i t h  t h e  p e r i p h ­
ery.  E a c h  o f  t h e  cel l  s u r f a c e  m o l e c u l e s  
is e x p r e s s e d  o n  a x o n s  c o m p r i s i n g  p a r ­
t i c u l a r  f a s c i c l e s ,  a n d  m a n y  f a s c i c l e s  
e x p r e s s  m o r e  t h a n  o n e  s u r f a c e  m o l ­
e c u l e .  T h e s e  d a t a  s u p p o r t  t h e  h y ­
p o t h e s i s  t h a t  a p a r t i c u l a r  c o m b i n a ­
t i o n  o f  m o l e c u l e s  p r o v i d e s  t h e  u n i q u e  
s p e c i f i c a t i o n  o f  e a c h  a x o n  b u n d l e .  
B e c a u s e  t h e s e  m o l e c u l e s  a r e  l o c a t e d
o n  c e l l  m e m b r a n e s ,  t h e y  c o u l d  be 
t h e  r e c e p t o r s  f o r  g u i d a n c e  c u e s  d u e  
s p e c i f y  t h e s e  p a t h w a y s ,  o r  t h e y  c o u l d  
b e  c u e s  f o r  t he  l a t e r  a r r i v i n g  f o l ­
l o w e r  a x o n s  t h a t  us e  t h i s  s c a f f o l d  as 
a h i g h w a y  t o  r e a c h  t h e i r  t a r g e t s .
In t he  f o l l o w i n g  s e c t i o n s  w e  d e ­
s c r i b e  c e l l  s u r f a c e  m o l e c u l e s  t h a t  a r e  
g o o d  c a n d i d a t e s  t o  be p a r t  o f  t he  
g u i d a n c e  c o d e .  M o s t  o f  t he  c a n d i ­
d a t e  m o l e c u l e s  f o r  g r o w t h  c o n e  n a v i ­
g a t i o n  b e l o n g  t o  o n e  o f  s e v e r a l  f a m i ­
l ies  o f  p r o t e i n s ,  e a c h  w i t h  d i f f e r e n t  
p r o p e r t i e s  t h a t  c a n  he  u se d  f o r  g u i d ­
a n c e .  W e  d o  n o t  r e v i e w  al l  t he  m o l ­
e c u l e s  t h a t  h a v e  b e e n  f o u n d  b u t  
p r e s e n t  r e p r e s e n t a t i v e  e x a m p l e s  t h a t  
i l l u s t r a t e  r he  p r o p e r t i e s  o f  t h e  m o ­
l e c u l a r  c o d e  f o r  a x o n  g u i d a n c e .
T h e  i m m u n o g l o b u l i n  s u p e r f a m i l v  
p r o v i d e s  a w i d e  r a n g e  o f  d i f f e r e n t  
m o l e c u l e s  f o r  p a t h f i n d i n g .  T h e  i m ­
m u n o g l o b u l i n  ( Ig)  s u p e r f a m i l y  c o n ­
s i s t s  o f  s e v e r a l  p r o t e i n s  t h a t  c o n t a i n  
d o m a i n s  r e s e m b l i n g  t h o s e  o f  a n t i ­
b o d y  m o l e c u l e s .  Ir is in t u r n  s u b d i ­
v i d e d  i n t o  f a m i l i e s  o f  m o r e  c l o s e l y  
r e l a t e d  p r o t e i n s .  T h e  n e u r a l  cel l  a d ­
h e s i o n  m o l e c u l e  ( N - C A M ) ,  o n e  o f  
rh e  f i r s t  d e s c r i b e d  a n d  b e s t  c h a r a c ­
t e r i z e d  c e l l - c e l l  a d h e s i o n  m o l e c u l e s ,  
is a  m e m b r a n e  p r o t e i n  w h o s e  e x t r a ­
c e l l u l a r  p o r t i o n  c o n t a i n s  f i v e  r e ­
p e a t e d  Ig d o m a i n s .  N - C A M  c a n  b i n d  
r o  i t s e l f ,  a p r o p e r t y  t e r m e d  hom o-  
p hilic a d h esio n . T h i s  a d h e s i o n  p l a y s  
a n  i m p o r t a n t  r o l e  d u r i n g  d e v e l o p ­
m e n t  in l o c a l i z i n g  t h e  d i f f e r e n t  c el l  
t y p e s  in t h e i r  r e s p e c t i v e  s i te s  w i t h i n  
t i s s u e s  a n d  o r g a n s .  B e c a u s e  o f  i ts 
w i d e  d i s t r i b u t i o n  in n o n - n e u r o n a l  
as  w e l l  a s  in n e u r o n a l  t i s s u e s ,  n e u r o ­
b i o l o g i s t s  t h o u g h t  f o r  y e a r s  t h a t  
N - C A M  w a s  j u s t  a p a s s i v e  a d h e s i v e  
s u b s t r a t e  p e r m i s s i v e  f o r  a x o n a l  
g r o w t h  o r  f o r  c el l  m i g r a t i o n .  S u ­
p e r i m p o s e d  o n  t h i s  p e r m i s s i v e  e n ­
v i r o n m e n t ,  o t h e r ,  m o r e  s p e c i f i c ,  c e l l  
s u r f a c e  m o l e c u l e s  w o u l d  c o n f e r  
d i r e c t i o n a l  c u e s .
H o w e v e r ,  N - C A M  h a s  i n t e r e s t ­
i n g  c h a r a c t e r i s t i c s  t h a t  p r o v i d e  a 
l evel  o f  r e g u l a t i o n  s u i t a b l e  f o r  us e in 
a x o n  g u i d a n c e  a s  w e l l .  I t  c a n  e x i s t  in 
d i f f e r e n t  f o r m s  d e p e n d i n g  o n  t h e  
a m o u n t  o f  c a r b o h y d r a t e  a t t a c h e d  t o  
it.  H i g h l y  g l y c o s y l a t e d  N - C A M  c a n  
c o n t a i n  u p  t o  3 0 %  b y w e i g h t  o f  
s i a l i c  a c i d ,  a m o l e c u l e  t h a t  c a r r i e s  a 
n e g a t i v e  c h a r g e ,  w h e r e a s  t h e  l ess  
g l y c o s y l a t e d  f o r m s  h a v e  o n l y  1 0 %
n a l i t  a c i d .  T i • i t vi . d ’
c h a i n s  o n  N - C A M  CiioriUi  re-
i' • r. ... d .
c e l l s  l . u i  u.. . i f f .  > i t . ! . ■ . . .  , ■ ■ 
p o s s i b l e  to i n f l u e n c e  c^ I ull
b y  c o n t r o l  iii ■ t h e  a m .......... . i l  i u
s i a l i c  a c i d  ivri a ,i f in ■ ■ ■ ■­
t e m p o r a l  r e g u l a t i o n .
O n e  c a s e  in w h i c h  N - C A M  h a s  
b e e n  f o u n d  to p a r n c i p a t c  in a x o n  
g u i d a n c e  is in r h e  m o t o n e u r o n s  m a  
i n n e r v a t e  t he  l i m b  m u s c l e s  in t he  
c h i c k  e m b r y o  ( T a n g  et  al .  1 9 9 4 ) .  In 
t h e s e  m o t o n e u r o n s ,  t he  s i a l i c  a c i d  
c o n t e n t  o f  N - C A M  is r e g u l a t e d  b o t h  
. s p a t i a l ly  a n d  t e m p o r a l l y .  W h e n  t h e  
m o t o n e u r o n  a x o n s  e x i t  rhe  s p i n a l  
c o r d ,  t h e y  a r e  i n t e r m i n g l e d  in s e v ­
e ra l  n e r v e s ,  b u t  a t  t h e  b a s e  o f  t h e  
l i m b  b u d  t h e y  d i v e r g e  t o  f o r m  a 
p l e x u s .  A s  t h e y  e x i t  t he  p l e x u s  t he  
a x o n s  a r e  r e o r g a n i z e d  a n d  d i r e c t e d  
t o  t h e  d i f f e r e n t  l i m b  m u s c l e s  a l o n g  a 
s t e r e o t y p e d  s e t  o f  p a t h w a y s .  A l ­
t h o u g h  N - C A M  is a l w a y s  p r e s e n t  
(mi r h e  s u r f a c e  o f  t h e s e  a x o n s ,  t he  
s i a l i c  a c i d - e n r i c h e d  N - C A M  f i rs t  a p ­
p e a r s  w h e n  t h e y  e n t e r  t he  p l e x u s ,  
t h a t  is, w h e n  t h e y  s e p a r a t e  f r o m  rhe 
p a r t n e r s  w i t h  w h i c h  t h e y  w e r e  t r a v ­
e l i n g  a n d  r e t a s c i c u l a r e  w i t h  n e w  
p a r t n e r s .  If  s i a l i c  a c i d  is r e m o v e d  
f r o m  N - C A M ,  t he  m o t o r  a x o n s  m a k e  
p a t h w a y  e r r o r s .  T a n g  e t  al .  ( 1 9 9 4 )  
h a v e  p r o p o s e d  t h a t  rhe  s i a l i c  a c i d  
m o d i f i c a t i o n  o f  N - C A M  is a n  i m ­
p o r t a n t  a n d  a c t i v e  m o d u l a t o r  t b a r  
a l l o w s  o r  p r e v e n t s  t h e  i n t e r a c t i o n  o f  
o t h e r  g u i d a n c e  m o l e c u l e s  t h a t  c o u l d  
s p e c i f y  e a c h  o n e  o f  r h e  p a t h w a y s  t o  
r h e  a p p r o p r i a t e  t a r g e t  m u s c l e .
A n  a d d i t i o n a l  w a v  o f  g e n e r a t i n g  
d i f f e r e n t  f o r m s  o f  N - C A M  is by c o n ­
t r o l l i n g  its R N A  p r o c e s s i n g .  R N A  
p r e c u r s o r s  a r e  p r o c e s s e d  by s p l i c i n g  
a n d  j o i n i n g  f r a g m e n t s  ( c a l l e d  e x ­
o n s ) ,  e a c h  c o d i n g  f o r  a p o r t i o n  o f  
t h e  p r o t e i n .  N - C A M  R N A  p r e c u r ­
s o r  is d i f f e r e n t i a l l y  p r o c e s s e d  in s o m e  
r e g i o n s  o t  t h e  r a t  b r a i n  d u r i n g  d e ­
v e l o p m e n t ,  p r o d u c i n g  a n  i n c r e a s i n g  
n u m b e r  o f  m R N A  m o l e c u l e s  w i t h  a 
p a r t i c u l a r  e x o n  t h a t  i n t r o d u c e s  a 
s e q u e n c e  o f  t e n a m i n o  a c i d s  i n t o  t h e  
p r o t e i n .  T h i s  c h a n g e  in N - C A M  c o r ­
r e l a t e s  w i t h  a d e c r e a s e  in o n . t \ 
o f  n e u r o n a l  p r o c e s s e s  in t i csl br ; - . i , 
r e g i o n s .  E x p e r i m e n t s  . c u i  
c u l t u r e s  h a 1, c ' ;ei ;  o n  
t h e  p r e s e n c e  o ,  I :  ■ ,
a c i d s  in N -C A M  i n h i h i r s  its a b i l i t y  
t o  p r o m o t e  - o r  < <" i ( I 1 h
M a y  J 996
et al. : v - 'z ) .
R e c e n t U ,  N C A M  an d  m h e t  a d ­
............ i ....... In iIl1 . h . i e I'L'un sin.iwn
to  be jh /oU l'vI in a x o n a l  u.vreui ■ i. 
N - C U i  i,i: . i it r a t .  iirec;]',  >, b 
a g r o w th  fa( -nr i'cCl] [ i>r to  pi'" . ;  ■■ 
a x o n a l  g ro w  :!i  ( O 'R r i e i !  . 'J 
T h e se  g e n e ra l  adhe-.n.n  ilh.I . Ii.s 
are  serv ing  m o r e  s p e c  l ie fu n c tio n s  
in a x o n  g r o w th  am i g u id a n c e  d u n  
w a s  previoLisly th o u g h t .  G iven the  
b ro a d  d is tr ib u t io n  o f  N - C A M ,  one  
co u ld  im a g in e  th a t  its a b se n c e  in an  
a n im al w o u ld  resu lt  in severe  d e ­
fects. S u rp ris in g ly ,  m u ta n ts  th a t  lack  
N - C A M  s h o w  d efects  in o n ly  a few  
specific  cell m ig ra tio n  p ro ce sse s .  T h e  
effects  o f  m u ta t io n s  in this and o th e r  
g e n e ra l  a d h e s io n  m o le c u le s  are  m o re  
subtle  th a n  e x p e c te d  (M u lle r  and  
K y p ta  1 9 9 5 ) .
A n o t h e r  m e m b e r  o f  the Ig s u p e r ­
fam ily is the n e u ro n -g lia  cell adhesion  
m o le cu le  ( N g - C A M ) ,  a t r a n s m e m ­
b ra n e  p ro te in  w ith  s ix  e x t r a c e l l u l a r  
Ig d o m a in s .  N g - C A M  is e x p re s s e d  
p rim arily  on n e u r o n s  an d  glial cells ,  
a p a t te r n  m o r e  re s t r ic te d  th an  th a t  
o f  N - C A M  (T h iery  et al. 1 9 8 5 ) .  In 
m a n y  c a s e s ,  glia! cells  c o n s t i t u t e  the  
s u b s tra te  f o r  the m ig ra tio n  of  n e u ­
ro n s  o r  their  g r o w th  c o n e s .  N g - C A M  
bin ds to  itself to  hold  a x o n s  t o ­
g e th e r ,  h ut in te re s tin g ly ,  it ca n  a lso  
bind to  a d iffe re n t  m o le cu le  to  a l lo w  
a x o n s  to  g r o w  on  the s u rfa c e  o f  glial  
cells  (G r u m e t  an d  E d e lm a n  1 9 8 8 ) .
A p ro te in  re la te d  to  N g - C A M  is 
c a l l e d  L I .  T o  te s t  L I  f u n c t i o n ,  
D r a z b a  an d  L e m m o n  ( 1 9 9 0 )  ad ded  
a n tib o d ie s  a g a in s t  it to  cu l tu re d  n e u ­
ro n s  g r o w in g  o v e r  a lay er  of  glial  
cells .  B lo c k in g  L I  in this m a n n e r  
p ro d u c e d  b o th  a d e c re a s e  in a x o n a l  
g r o w t h  on the glial s u r f a c e  a n d  the  
d e f a s c i c u l a t i o n  o f  a x o n  b u n d le s .  
T h is  resu lt  su g g ests  a role  fo r  L I  in 
fa s c ic u la t io n  o f  a x o n s  by h o m o p h i lic  
a d h e s io n  and a lso  in the a d h e s io n  o f  
n e u r o n s  an d  th eir  a x o n s  to  the s u r ­
face  o f  gli:i. 1 ike N - C A M ,  L I  also  
s e e m s  ::o i n f r a c t  d i r e c t l y  w i t h  
grow  ■ !■ i.iCior r r n  pro s to  s t im u la te  
a x o n a l  groy. Hi ■ f f i r ie n  1 9 9 5 ) .  In 
spite  nt ihe c id' ircd  k m e u o n s  w ith  
N g - C A M  an d  N - C A M ,  L  i p ossesses  
a h ig h er level o f  sputfal r e s t r i c t i o n —  
it is fo u n d  o n ly  on p o r t i o n s  o f  , :x o n s .  
Its e x p r e s s io n  is o f  p a r t i c u l a r  im e r-  
^st in die Cifstr o f  c o m m is s u r a l  n e u ­
ron s o f  the v C rrd ira le  tpir.nl c o r d ,  
w h ich  a re  a p a ire d  n e u r o n a l  g ro u p
situ ated  d o rs a l ly  th a t  send a x o n s  
t o w a r d  the v e n tra l  m id lin e  (D o d d  et 
;si. I ’8 8 ). D u rin g  this t r a j e c t o r y  they  
l icpress T A G - 1  ( a n o t h e r  a x o n a l  s u r ­
fa ce  p ro te in  th a t  is an  Ig s u p e r f a m -  
sly m e m b e r )  an d  trav e l  w i t h o u t f o r m -  
ing b u n d l e s .  A f t e r  c r o s s i n g  th e  
m id lin e , the c o m m i s s u r a l  a x o n s  tu rn  
o ff  T A G - 1  e x p r e s s io n  a n d  begin  e x ­
p ress in g  L I .  I n te r e s t in g ly ,  at this  
tim e th ese  a x o n s  c h a n g e  d ire c t io n  
and begin to  n a v ig a te  in b un d les .  
T h e  d ifferen tia l  e x p r e s s io n  o f  th ese  
tw o  m o le c u le s  c o r r e l a t e s  w ith  the  
c h a n g e s  in d ire c t io n  an d  a x o n a l  fa s ­
c i c u l a t i o n ,  s u p p o r t in g  th e  h y p o t h ­
esis th a t  T A G - 1 an d  L1 a re  in v o lved  
in a x o n  g u id a n c e .
A l th o u g h  all o f  the Ig s u p e r f a m ­
ily p ro te in s  d esc r ib e d  so fa r  w e re  
first fo u n d  in v e r t e b r a te s ,  th ey  a re  
also  p rese n t  an d  highly c o n s e rv e d  in 
in v e r te b r a te s .  F o r  e x a m p l e ,  fa sc ic lin
II, an in se ct  a x o n a l  g l y c o p r o t e i n  
(B a s t ia n i  et al. 1 9 8 7 ) ,  is s im ilar  in 
both  a m i n o  ac id  se q u en ce  an d  a d h e ­
sive p ro p e r t ie s  to  N - C A M .  Its r e ­
s t r ic t io n  to  the  s u rfa c e  o f  a su b s e t  o f  
a x o n  p a th w a y s  in the n e rv o u s  sy s­
tem  (F ig u re  3) su g g e sts  th a t  it plays  
a role  in a x o n  g u id a n c e .
G e n e tic  m a n ip u la t io n s  in the fruit  
fly D.  melcinogaster  h av e  re ce n tly  
t e s t e d  th is  h y p o t h e s i s  ( L i n  a n d  
G o o d m a n  1 9 9 4 ,  L in  et al. 1 9 9 4 ) .  
G e n e tic  a n a ly se s  c a n  be p e rfo r m e d  
by p re v e n tin g  the e x p r e s s io n  o f  a 
p ro te in  ( lo s s -o f - f u n c t io n  m u t a t i o n ) ,  
o r  a l te r n a t iv e ly ,  by in c re a s in g  the  
e x p r e s s io n  or p r o d u c i n g  the p ro te in  
in cells th at n o rm a lly  do n o t  exp re ss  it 
(g a in -o f-fu n ctio n  m u ta t io n ) .  A loss-  
o f-fu n ction  m u ta t io n  o f  fasciclin II 
p ro d u ces  d e fascicu lat io n  in the c e n ­
tral n e rv o u s system , w h e re a s  an e x ­
cess of this protein  on  the s a m e  a x o n s  
p r o d u c e s  a n o m a l o u s  j o i n i n g  o f  
b un d les th a t  n o rm a l ly  ru n  s e p a ra te ly  
(F ig u re  4 b ) .  B o th  resu lts  su g g e s t  an  
a x o n - a x o n  a d h e s io n  role  fo r  f a s ­
c ic l in  II. I n c r e a s i n g  the  levels of  
fasc ic lin  II o n  m o t o n e u r o n  a x o n s  
p rev e n ts  n o rm a l  d e fa s c ic u la t io n  a n d ,  
as a c o n s e q u e n c e ,  tbe  a x o n s  a re  
m i s r o u t e d  b e c a u s e  th e y  a r e  c o n ­
s t r a in e d  to  keep g r o w in g  a lo n g  a 
b u n d le  t h a t  th e y  n o r m a l l y  le av e .  
T h e s e  resu lts  a re  s tr ik in g ly  s im ilar  
to  th o s e  resu lt in g  f r o m  the p e r t u r ­
b a t io n  o f  fa sc ic l in  II ’ s re la t iv e ,  N -  
C A M ,  in the c h ic k e n  m o t o n e u r o n  
p le x u s .
A x o n - a x o n  a d h e s io n  is i m p o r ­
ta n t  fo r  f o l lo w e r  a x o n s  to  ta k e  the  
a p p r o p r ia te  ro u te s  a lo n g  a n  e s t a b ­
lished n e tw o r k  o f  fa s c ic le s ,  but th ere  
a re  still m a n y  q u e s t io n s  left u n a n ­
s w e r e d ,  S im p le  a d h e s io n  c a n n o t  e x ­
p la in ,  fo r  e x a m p l e ,  w h y  a x o n s  e x ­
t e n d  a l o n g  a p a t h w a y  in o n e  
d ire c t io n  an d  n o t  the o th e r ,  o r  w h y  
th ey  c h a n g e  th e ir  p a th w a y  p re fe r ­
e n c e s  o v e r  tim e.
T h e  fu n c t io n  o f  a n o t h e r  insect  
p ro te in  b e lo n g in g  to  the  Ig s u p e r­
f a m ily ,  f a s c i c l i n  III (P a te l  et al.
1 9 8 7 ) ,  h as  a ls o  b een  re c en tly  a n a ­
lyzed u sin g  th e  sa m e  g e n e tic  a p ­
p r o a c h  (C h ib a  et al, 1 9 9 5 ) .  T his  
p ro te in  is e x p re s s e d  o n  the su rfa ce  
o f  a su b s e t  o f  n e u r o n s  in the c e n tra l  
an d  p e r ip h e ra l  n e rv o u s  sy stem  of  
th e  f ru it  fly, as well as o n  a few  
m u scles  o f  the  b od y  w a l l ,  som e of  
w h ich  are  in n e rv a te d  by m o t o n e u ­
ro n s  th a t  e x p re s s  fa sc ic lin  III. P re ­
v e n tin g  the p r o d u c t i o n  o f  fasciclin  
III in a lo s s - o f - f u n c t io n  m u ta n t  does  
n o t  h av e  m u c h  e ffe c t  o n  the wiring  
o f  the  n e rv o u s  sy ste m . H o w e v e r ,  if 
m u scle  cells  th a t  d o  n o t  o rd in ari ly  
e x p r e s s  this p ro te in  a re  fo rce d  to  
p r o d u c e  it (ca l le d  e c to p ic  e x p r e s ­
s io n } ,  a p a r t i c u l a r  m o t o n e u r o n  in­
n e rv a te s  th ese  m u sc le s  i n a p p r o p r i ­
a te ly .  T h e se  e x p e r im e n ts  su ggest that  
fa sc ic l in  III p la y s  a ro le  in the r e c o g ­
n ition  o f  ta r g e t  cells  by the g ro w in g  
a x o n ,  on e  o f  the  last  s tep s  in the 
e s ta b l is h m e n t  o f  c o n n e c t i o n s  d u r ­
ing n e rv o u s  sy stem  d e v e lo p m e n t ,  but 
th ey  also  re v ea l  t h a t  fa sc ic lin  III is 
n o t  th e  so le  d e t e r m i n a n t  o f  m o t o -  
n e u r o n - m u s c l e  r e c o g n i t i o n  an d  that  
o t h e r  g u i d a n c e  m o l e c u l e s  are  in­
v o lv e d  in c o d in g  this sp ecific  r e c o g ­
n it io n  p r o c e s s .
T w o  o th e r  in te re s t in g  m em b ers  
o f  the Ig su p e r fa m ily  are  the u n c -5  
p r o t e i n  f r o m  th e  n e m a t o d e  C .  
e legans  an d  the  v e r t e b r a te  m o lecu le  
c a l le d  F 3 / F 1 1 .  A l th o u g h  th ese  are  
d iffe re n t  m o le cu le s  e x p re s s e d  in dif­
fe r e n t  o r g a n is m s ,  th ey  sh a re  several  
c h a r a c t e r i s t i c s .  T h e y  a re  re c e p to rs  
f o r  e x t r a c e l l u l a r  m o le c u le s  w ith  bi­
fu n c t io n a l  p r o p e r t i e s  t h a t  c a n  elicit  
a t t r a c t i o n  o r  r e p u ls io n ,  d ep en d in g  
o n  the  r e c e p t o r  a t  th e  s u r f a c e  o f  the  
g r o w t h  c o n e  (see b o x  o n  p a g e  3 5 0 ) .  
In p a r t i c u l a r ,  b o th  o f  th e se  Ig p r o ­
teins a re  n e u r o n a l  s u r f a c e  re c e p to r s  
th a t  m e d ia te  r e p u ls io n ;  h o w e v e r ,  it 
is n o t  yet  c le a r  w h e t h e r  r e p u ls io n  on
B io S c ie n c e  V o l.  4 6  N o .  5







F ig u re  4 .  E x p e r i m e n t a l  evidence  for  the i nv o l v e m e n t  of  
s o m e  cel l  s ur f ac e prot ei ns  in a x o n  pa th f i n di ng .  (a)  Cell  
s ur fa c e  mo le cu le s  t ha t  p ro vi de  g u i da nc e  i n f o r m a t i o n  at  the 
mi dl i ne  in di f ferent  o rg a ni sm s.  U n c - 5 ,  a pro te in  o f  the Ig 
s u p er fa mi ly ,  is n o r m a l l y  e xpr ess ed  in the D B  but  n o t  the 
A L M  ne uro ns  o f  the n e m a t o d e  Caenorhabditis elegans.
T h e  D B  ne ur ons  n o rm al ly  send their  a x o n s  a w a y  f ro m the 
ventral  mi dl i ne .  In a l o s s - o f - f u n c t i o n  unc-5  m u t a n t ,  dorsal  
g r o wt h  is impai red a nd  the D B  a x o n  instead e x t e nd s  in a 
longi tudi nal  d ir ec t i on  t h a t  n o r m a l l y  w o u l d  be t a ke n  only 
af ter  it r ea che s  the dorsal  mi dl i ne .  C on v e rs e l y ,  i nduc ing 
the e xp r es s i on  o f  u n c - 5  in the A L M  n e u r o n s  ca us es  t he m to 
take a dorsal ly  direc t ed p a t h w a y  t h a t  they never  t ake  in 
n o r m a l  e m b r yo s .  G en e t i c  analys is  suggests  t ha t  u n c- 5  is the 
re c ept o r  f or  a g u i da n c e  s ignal  p r o d u c e d  at  the vent ra l  
midl ine t ha t  me di ate s  re pul s i on o f  the D B  g r o w t h  cones .
L a z a r i l l o  is a s ur fa c e  m o l e c u l e  o f  the l i p oc a l i n  f ami ly  
e xpr ess ed  in the A cP  g r a s s h o p p e r  n eu ro ns ,  w h i c h  cross  the 
ventral  midl ine o f  the e m b r y o .  P e r t u r b a t i o n  with a m o n o ­
c lonal  a n t i b o d y  ca us es  t he  A cP  g r o w t h  c on e s  to fail c r o s s ­
ing the mi dl i ne ,  and  i nstead they f o l l ow  the longi tudi nal  
p a t hw ay  t ha t  t hey n o r m a l l y  t ake  a t  the o the r  side o f  tbe 
e mb r y o .  T hi s  suggests  t ha t  l azari l lo is a cell  s ur f ac e r ec ep­
tor t hat  me di ate s  g r o w t h  c o n e  a t t r a c t i o n  r o wa r d  the ven­
tral  mi dl i ne .  A n o t h e r  cel l  s ur f a c e  mo l e c u l e  involved in 
gu idanc e t o wa rd  the mi dl ine  is c om m i s s u r e l e s s ,  whi ch  is 
expr essed in the n o n - n e u r o n a l  cells a t  the mi dl i ne o f  the 
fruit fly e mb r yo .  W h e n  the commissureless gene is m u ­
tated,  the c o m m i s s u r a l  ne ur ons  SP1 and  RP 1 do n o t  cross  
the mi dl i ne ,  (b) Cell  s ur fa c e  m o l e cu l e s  involved in the
f o r m a t i o n  o f  n o r m a l  a x o n  fascicles  in f rui t  fly and gr as sho ppe r .  T h e  f un ct i on  o f  fruit  fly fascicl in 11 in a x o n  f as ci cul at io n has 
b een e x a m i n e d  using a ge ne t i c  a p p r o a c h .  Fasc ic l i n II,  a prote i n o f  the Ig s upe rf amil v,  is n or m a l l y  expr ess ed on the surface  
o f  t wo  l ongi t ud ina l  p a t h w a y s .  W h e n  no  fascicl in II is present ,  the bundles  b e c o m e  d is organized,  and wh en  too  mu ch  fascicl in 
II is e xpr es se d,  e xc es s i ve  f a s c i cu la t io n  is pro d uc e d.  S e m a p h o r i n  I is a n o t h e r  cell s ur f ac e prot ei n necessary for p r op e r  a x o n a l  
fa sc i cul at io n,  b ut  in this c ase  it is p r od uc e d by n o n - n e u r o n a l  cells in the g r a s s h o p p e r  l imb bud.  A str ipe o f  epi thel ial  cells 
t ha t  express  s e m a p h o r i n  I is l oc at e d at  a pos i t i on  in rhe l imb at  whi ch the p i on ee r  sensory a x o n s  t ha t  t ravel  t o w a rd  the central  
nervous s ys tem m a k e  a c h a r a c t e r i s t i c  turn.  W h e n  s em a p h o r i n  I is pe rt urbe d with a m o n o c l o n a l  a n t i b od y,  the a x o n s  o f  the 
t wo s ensory n e u r on s  t ha t  n o r m a l l y  g r o w t o ge t h e r  b e c o m e  def as c ic ul at ed at  t ha t  pos it ion and f orm a n o m a l o u s  branches .  
F as c ic u l a t i o n  o f  a x o n s  c a n  thus be a f fec t ed  by mo le cul es  on rhe s ur f ac e o f  the g r o wi n g  a x o n s  or o n the s ur f ac e o f  rhe cells 
that  serve as a s u b s t r a t u m  for t he m.
F a s c i c l i n  I I  I n  f l y
wild type l°ss function gain of I unction 
’  mutation mutation
S e m a p h o r i n  I  
i n  g r a s s h o p p e r
control
mAb
re c ep tio n  o f  a b ifu n c tio n a l  m o le cu le  
is a lw ay s  m e d ia te d  th ro u g h  Ig su ­
p erfa m ily  m e m b e r s  as a g e n era l  rule.
In s u m m a r y ,  p ro te in s  c o n ta in in g  
Ig d o m a in s  are  p rese n t  b oth  in v e r ­
teb rates  a n d  in v e r te b r a te s  a n d  have  
diverse e x p re s s io n  p a t te r n s  an d  f u n c ­
t io n s :  on  n e u r o n s  an d  g lia ,  f r o m  
g en eral a d h e s io n  m o le c u le s  to  s p e ­
cific a x o n  g u id a n ce  m o le c u le s ,  f r o m  
m e d ia t in g  a t t r a c t i o n  to  ca u s in g  r e ­
p ulsion . C o n s e q u e n t ly ,  th eir  m e c h a ­
n ism  o f  a c t i o n  in vo lv es  m o r e  th a n  
sim ple a d h e s io n .  T h e  Ig d o m a in  is a 
versatile  s t r u c t u r a l  m o t i f  th a t  is used  
in d i f f e r e n t  c e l l - c e l l  o r  c e l l -  
e x t r a c e l l u l a r  m a t r i x  r e c o g n i t i o n  
ev en ts ,  w h ich  c o u ld  tr ig g e r  d iffe r­
ent re sp o n se s  in g r o w th  c o n e s  based  
o n  th eir  in te r a c t io n  w ith  differen t  
i n t r a c e l l u l a r  s i g n a l i n g  p a t h w a y s .  
T h e  p re s e n ce  in a g iv en  p ro te in  o f  a 
v a riab le  n u m b e r  o f  Ig d o m a in s ,  o f ­
ten in c o n ju n c t io n  w ith  o th e r  p r o ­
tein d o m a in s ,  p oin ts  o u t  a r e m a r k ­
able diversity  th a t  c o u ld  p lausibly  
a c c o u n t  fo r  a m o le c u la r  g u id a n ce  
c o d e  b ased  on ly  on Ig su p erfam ily  
m o lecu les .  H o w e v e r ,  this is n ot the  
c a s e ,  a n d  the m o l e c u l a r  c o d e  for  
a x o n  g u id a n ce  is r ich er  in different  
p r o t e i n  d e s ig n s  t h a n  p r e v i o u s l y  
th o u g h t .
O t h e r  g e n era l  cell s u rface  ad hesio n  
m o le cu le s  can  also  fu n c tio n  in a x ­
o n a l  g r o w t h .  T w o  o t h e r  p ro te in  
fam ilies p rese n t  o n  the su rface  of  
n eu ro n s  a re  the c a d h e r in s  and the 
integrins (B ix b y  and H a r r y s  1 9 9 1 ,  
R e i c h a r d t  1 9 9 2 ,  T a k e ic h i  1 9 9 1 ) .  T h e  
c a d h e r i n s  a re  c a l c i u m - d e p e n d e n t  
a d h e s io n  m o le c u le s  initially id en ti­
fied in v e r te b r a te s .  T h e y  h av e  se v ­
e ra l  c a lc i u m  binding sites in their  
e x t r a c e l lu la r  d o m a in ,  w h e re a s  their  
in tr a c e l lu la r  d o m a in  in te ra c ts  w ith  
t h e  c e l l u l a r  c y t o s k e l e t o n .  L i k e
N - C A M ,  ca d h e r in s  h ave a w ide d is ­
tr ib u t io n  in n o n - n e u r o n a l  tissues,  
but they are also  p rese n t  in n eu ro n s .  
T h e re  are  several  su b ty p es  within  
the fam ily ; tw o  o f  th e se ,  N -c a d h e r in  
a n d  R - c a d h e r i n ,  p r o m o t e  a x o n a l  
g ro w th  in a d d itio n  to their  p r o m i­
nent role in seg re g a t in g  cell types  
w ithin  tissues. H o w e v e r ,  the fam ily  
is rap id ly  e x p a n d in g ;  n ew  ca d h erin s  
a n d  c a d h e r i n - t e l a t e d  m o l e c u l e s ,  
ca lle d  p r o t o c a d h e r i n s ,  h av e  been  
identified in b o th  v e r te b ra te s  and  
in v e r te b ra te s  (S an o  et al. 1 9 9 3 ) ,  but  
their  fu n ctio n s  h ave n o t  yet been  
d e te rm in e d .
T h e  integrins w ere  the first r e c e p ­
to rs  fo u n d  to m e d ia te  a x o n a l  g o w th  
in n e u ro n s  cu ltu re d  0 '[_r ■ \'i r.u- ■, 
lar m a t r i x  p r o te i n 1'., j I k - in . 1 1  ■ 
w ere d is c o v e re d  in v erteb rate*  
they a re  p resen t in in verteh n iies  
well. T h e y  are  c o m p o s e d  t w o  
subunits , a  and p, each  h ay in g  ie v -
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O n  t h e  d o u b l e  p e r s o n a l i t y  o f  s o m e  
a x o n  g u i d a n c e  m o l e c u l e s
T r a f f i c  signs w ith  tw o  differei t m e a n in g s  fo r  n a v ig a t in g  a x o n s  h av e  
been fo u n d . T h e y  a re  g u id a n c e  m o le cu le s  th a t  h av e  o p p o s i te  e ffe c ts ,  
d ep e n d in g  o n  the id en tity  o ; the g ro w r h  c o n e .  T h e  r e c e p to r  o n  the  
su r f a c e  o f  the g r o w t h  c o n e  d e te r m in e s  w h e th e r  it a p p r o a c h e s  or  
a v o id s  the g u id a n c e  cu e.
C o n sid e r  the n e m a to d e  C a en o rh a bd it i s  e legans  ( C u lo t t i  1 9 9 4 ) .  
T w o  sets of  n e u ro n s  fo l lo w  c i r c u m f e r e n t ia l  t r a je c to r i e s  a lo n g  the  
d o r s a l - v e n t r a l  a x is  o f  the n e m a t o d e ,  b u t  in o p p o s i te  d ir e c t io n s .  W h e n  
th e y  re a c h  the v en tra l  o r  the d o rs a l  m idlin e  th e y  c h a n g e  their  d ire c t io n  
o f  g ro w th  to  fo l lo w  a lo n g itu d in a l  p a t h w a y .  T h r e e  m u ta t io n s  a l te r  the  
b e h a v io r  of these c i r c u m f e r e n t ia l  a x o n s .  T h e  u n c - 5 g en e  is re q u ire d  
for the p io n e er  g r o w th  c o n e s  to  g r o w  d o rs a l ly ,  th e  u n c - 4 0  gen e fo r  the  
o n e s  th a t  g r o w  v e n tra l ly ,  an d  the  u n c - 6  g en e fo r  b o th  kin ds o f  p io n e e r  
g ro w th .  B oth  unc-S  and u n c - 4 0  e n c o d e  t r a n s m e m b r a n e  p ro te in s ;  
u n c - 5  is a m e m b e r  o f  the Ig s u p e r fa m ily ,  w h e r e a s  u n c -6 is a  so lu b le  
p ro te in  w ith  a p o r t i o n  c le a r ly  re la ted  to  the e x t r a c e l l u l a r  m a t r i x  
p ro te in  la m in in .  A n  in teres tin g  m o d e l  o f  g u id a n c e  h as  been p ro p o s e d  
(C u lo t t i  1 9 9 4 }  in w h ich  the  u n c -6 p ro te in  is a b ifu n c t io n a l  diffusible  
m o le c u le  p ro d u c e d  by the v e n tra l  m id lin e  cells  a n d  u n c - 5  is on e  o f  the  
p u ta t iv e  r e c e p to r s  e x p re s s e d  on  the s u rfa c e  o f  n e u r o n s  th a t  sen d  th eir  
a x o n s  d o rsa lly .  T h e  in te r a c t io n  o f  u n c -6 w ith  u n c - 5  resu lts  in the  
re p u ls io n  o f  th ese  sp ecific  g r o w th  c o n e s  f r o m  the v e n tra )  m idlin e  (see  
F ig u re  4 a ) .  U n c - 6 , h o w e v e r ,  a lso  a p p e a r s  to  a c t  as  a c h e m o a t t r a c t a n t  
fo r  the g r o w th  c o n e s  th a t  n a v ig a te  in the o p p o s i te  d i r e c t io n ,  a n d  u n c-  
4 0  is p r o p o s e d  (C u lo t t i  1 9 9 4 )  as the p o te n t ia l  r e c e p t o r  th a t  m e d ia te s  
this a t t r a c t i o n ,  a l th o u g h  th e  e v id en ce  is n o t  as c le a r ,
U n c -6 is p a r t  o f  a fam ily  o f  p ro te in s  ca lled  n etr in s ,  w h ic h  a re  fo u n d  
in v e r t e b r a te s  an d  o th e r  in v e r te b r a te s .  N e t r i n - 1  is p r o d u c e d  by the  
cells  a t  the v e n tra l  m idlin e  o f  the v e r t e b r a te  sp in a l  c o r d  an d  has been  
d e m o n s tr a t e d  to  a t t r a c t  the g r o w th  c o n e s  o f  c o m m is s u r a l  n e u r o n s  in 
c u l tu re  (K e n n e d y  et al. 1 9 9 4 ,  Serafini et al. 1 9 9 4 ) .  C o n s i s te n t  w ith  the  
fu n ctio n s  o f  u n c - 6 , n e t r i n - 1  a c ts  as  a g r o w t h  c o n e  re p e lle n t  as  well  
( C o l a m a r m o  an d  T e s s ie r -L a v ig n e  1 9 9 5 ) .
T h e  p ro te in  J 1 - 1 6 0 / 1 8 0  is a n o t h e r  p ro te in  w ith  a d o u b le  fu n c t io n .  
I t  is an e x t r a c e l l u l a r  m a t r i x  m o le c u le  th a t  h as  b oth  a d h e s iv e  and  
a n tia d h e s iv e  d o m a in s .  B io c h e m ic a l  a n d  n e u t o n a l  c u l tu re  e x p e r im e n t s  
s u g g est  th a t  a n o t h e r  p ro te in ,  F 3 / F 1 1 ,  an  Ig s u p e r fa m ily  m e m b e r ,  is 
th e  r e c e p to r  m e d ia t in g  the  a v o id a n c e  re a c t io n  c a u s e d  by J 1  - 1 6 0 / 1 8 0  
(P e sh e v a  et a l .  1 9 9 3 ) .  T h e  r e c e p t o r  th a t  m e d ia te s  p o s itiv e  a d h e s io n  
h as n o t  been fo u n d .
A n o t h e r  g u id a n c e  m o le c u le  th a t  se em s to  lead a d o u b le  life is 
c o n n e c t i n ,  w h ic h  b e lo n g s  to  a fa m ily  o f  p ro te in s  w ith  le u c in e -r ic h  
re p e a t  d o m a in s ,  re g io n s  r ich  in the a m i n o  ac id  le u cin e ,  C o n n e c t i n  is 
e x p re s s e d  by a  su b s e t  o f  m o t o n e u r o n s  a n d  m u s c le s  in th e  fruit fly , a n d  
th e re  is e v id e n ce  th a t  it a t t r a c t s  th e  g r o w th  c o n e s  o f  s o m e  m o t o n e u ­
ro n s  w hile  in h ib itin g  the a p p r o a c h  o f  o th e r s  (N o s e  et al.  1 9 9 4 ) .
O f  all o f  these h ifu n c t io n a l  g u id a n c e  m o le c u le s ,  o n ly  u n c -6  a n d  J l -  
1 6 0 / 1 8 0  h ave  c a n d i d a t e  r e c e p to r s .  M u c h  m o r e  r e s e a r c h  n eed s  to  be 
d o n e  to  find :he p u ta t iv e  a t t r a c t i v e  r e c e p to r s  f o r  u n c -6 a n d  J 1  - 1 6 0 /  
1 8 0 ,  as well as the r e c e p to r s  fot c o n n e c t i n .  T h e  b ifu n c tio n a l  g u id a n c e  
m o le c u le s  a n d  t h e i ' c o r  s erv a tio n  t h r o u g h o u t  e v o lu t i o n  is b e c o m in g  a 
fascinatii  , lupi lot r a r c he r s  s tu d y in g  a x o n a l  p a th f in d in g  (D o d d  
an d  S ch u k h ard  v  C C u  ulvnan 1 9 9 4 ) .  T h e s e  m o le c u le s  are  in te r e s t ­
ing element.- ni lie gu id .:  'ce c o d e ,  a w a y  o f  s ig n a lin g  d iffe re n t  
r e s p o n s e s  to  tl i- s a m e  ra rg e t  T h e y  re v e a l  th e  im p o r t a n c e  o f  re c e p to r s  
;ii ih c  g r o w :  I- com ' 11rf . n i i te rp re t in g  a g u id a n c e  cu e  a n d  e x e c u t ­
ing a p a th f in d in g  d e c is io n
eral  d ifferen t  su b ty p e s .  In teg rin  re ­
c e p to r s  w ith  d iffe re n t  lig an d  s p e c i ­
ficities c a n  th u s be a s s e m b le d  by  
c o m b in in g  d ifferen t  su b ty p e s  o f  s u b ­
u nits .  F o r  e x a m p l e ,  the  r e c e p to r  
p r o m o t e s  a x o n a l  o u t g r o w t h  by b in d ­
ing to  the e x t r a c e l l u l a r  m a t r i x  m o l ­
e cu le  la m in in ,  w h e re a s  the in tegrin  
a ]P | a c t s  a s  a c o l l a g e n  r e c e p t o r  
( R e i c h a r d t  1 9 9 2 ) .
N e i th e r  c a d h e r in s  n o r  in tegrin s  
h a v e  been d e m o n s t r a t e d  to  specify  
the  d i r e c t i o n  o f  a x o n a l  g r o w t h .  
H o w e v e r ,  m o s t  o f  rhe re s e a r c h  on 
th ese  tw o  fam ilies  h as  been d o n e  on  
n e u r o n a l  c u l tu re s  in w h ich  the p a t h ­
w a y  se le c t io n  by g r o w th  co n e s  w as  
n o t  a s s a y e d .  As w ith  o th e r  large  
fam ilies  of  a d h e s io n  m o le c u le s ,  it is 
still possi  ble th a t  the o u t g r o w t h  p r o ­
m o t in g  a c t i v i ty  o f  th ese  p ro te in s  
co u ld  be used for g u id a n c e  a t  p a r ­
t i c u la r  p laces  an d  tim es d u r in g  d e ­
v e lo p m e n t .  F o r  e x a m p l e ,  integrins  
e x p re s s e d  on n e u r o n s  fro m  the retina  
s h o w  an in te re s tin g  te m p o r a l  re g u ­
la t io n :  W h e n  they re a c h  the ce n tra l  
n e r v o u s  sy s te m  s o m e  signal from  
the ta r g e t  re g io n  c a u s e s  a loss in 
in te g r in  m o le c u le s  o n  th e  su rfa ce  of  
th ese  n e u r o n s  th a t  p a ra l le ls  a loss of  
th e  a b ili ty  to  e x te n d  a x o n s  o v er  
lam in in  (R e i c h a r d t  1 9 9 2 ) .  R e c e n t ly ,  
re s e a r c h e r s  h av e  g e n e r a te d  m ice  th at  
c a r r y  m u ra t io n s  in the [3, an d  sev­
eral a  s u b u n its  o f  the in teg r in s ,  as 
well as  in E -c a d h e r in  an d  N -c a d h e r in  
(M u lle r  a n d  K y p ta  1 9 9 5 ) .  U n f o r t u ­
n a te ly ,  an d  c o n s is te n t  w ith  the wide  
d is tr ib u t io n  of  th ese  m o le cu le s  d u r ­
ing d e v e lo p m e n t ,  the m a in  p h e n o ­
typ e  o f  the m u ta n ts  is e a r ly  e m b r y ­
o n i c  d e a t h ,  t h u s  p r e v e n t i n g  an  
a n a ly sis  of the d e v e lo p m e n t  o f  the  
n e r v o u s  s y s t e m .  I n a c t i v a t i o n  of  
in teg r in s  an d  c a d h e r in s  in a m ore  
re s t r ic te d  w a y  is n eed ed  to  assay  
th eir  ro les  in n e rv o u s  sy stem  d ev el­
o p m e n t  in g e n e ra l  an d  e sp ecia lly  in 
a x o n a l  p a th f in d in g .
N e w  fa m ilies  o f  p a th f in d in g  m o l ­
ecu les .  F a s c ic l in  I w as  th e  first cell 
a d h e s io n  m o l e c u l e  d e scr ib e d  in the 
in v e r te b r a te  n e r v o u s  s y s te m . It is 
e x p re s s e d  by a s u b s e t  of n e u r o n s  in 
g r a s s h o p p e r s  a n d  flies a n d  is re g io n ­
ally  c o n f in e d  to  p o r t i o n s  o f  a x o n s  
th a t  t ra v e l  a lo n g  sp e c if ic  p a th w a y s  
(F ig u re  3 ) .  L ik e  fa sc ic l in  II an d  III, it 
is a g o o d  c a n d i d a te  to  be in v o lv e d  in 
a x o n  g u i d a n c e ,  a c c o r d i n g  to  evi-
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d e n c e  f r o m  t w o  d i f f e r e n t  a p ­
p r o a c h e s .  In a c t i v a t io n  o f  fasc ic lin  I 
in the g r a s s h o p p e r  e m b r y o  using the  
t e c h n i q u e  c a l le d  C A L I  ( c h r o m o -  
p h o r e - a s s i s t e d  la s e r  i n a c t i v a t i o n )  
s h o w e d  th a t  a x o n s  t h a t  n o r m a l ly  
t ra v e l  to g e t h e r  in th e  limb bud of  
th e  e m b r y o  b e c o m e  d e fa s c ic u la te d  
w h e n  f a s c i c l i n  I is i n a c t i v a t e d ,  
w h e re a s  a x o n a l  g r o w th  a n d  d i r e c ­
tion a re  n o t  im p a ire d  (D i a m o n d  et 
al. 1 9 9 3 ) .  T h e  se co n d  a p p r o a c h  has  
been to  g e n e ra te  fa sc ic lin  I m u ta n ts  
in the  f ru it  fly ( G o o d m a n  et al.
1 9 9 2 ) .  A s  in th e  c a s e  o f  o th e r  cell  
s u rfa c e  m o le cu le s ,  the a b s e n c e  o f  
fasc ic lin  I in a lo s s -o f - fu n c t io n  m u ­
ta n t  d oes  n o t  ca u s e  a n y  g ro ss  a b n o r ­
m ality  in the n e rv o u s  sy ste m . T h e  
s a m e  resu lt  is o b ta in e d  w h en  the  
e n z y m e  A b e ls o n  ty ro s in e  k in ase ,  an  
in tr a c e l lu la r  s ig n a lin g  m o le c u le  th a t  
is e x p re s s e d  in a x o n s ,  is m issin g .  
H o w e v e r ,  w h en  b o th  ge n e s  a re  m u ­
ta te d  the e m b r y o s  s h o w  d ra s t i c  d e ­
fects in the c e n tr a l  n e rv o u s  system  
(Elkins et al. 1 9 9 0 ) .  T h e  R P 1  n e u ­
ro n s ,  w h ic h  e x p r e s s  both  p ro te in s ,  
n o rm a l ly  c ro s s  the midline a n d  then  
e x it  the c e n tra l  n e rv o u s  sy s te m  on  
the c o n t r a l a t e r a l  side o f  the g a n ­
glion. In the d o u b le  m u ta n t ,  R P l  
n e u r o n s  fail to  g r o w  t o w a r d  the  
m idline. T h e s e  resu lts  f a v o r  the h y ­
p o th e sis  th a t  a x o n a l  p a th f in d in g  is 
the resu lt  o f  a c o n c e r t e d  a c t i o n  by 
several  m o l e c u l a r  cu es ,  b ec a u s e  d is ­
ru p tio n  o f  the re ce p tio n  o f  tw o  d if ­
ferent s ign als  is re q u ire d  to  m is ro u te  
a p a r t i c u l a r  a x o n .  T h is  a p p a r e n t  
re d u n d a n c y  c o u ld  w o r k  to  p r o d u c e  
a ro b u s t  p a th f in d in g  p ro c e s s  th a t  
en sures  a c o r r e c t l y  w ired  n e rv o u s  
sy ste m .
S e m a p h o r in  I w a s  d is c o v e re d  in 
g r a s s h o p p e r s  (K o lo d k in  et al. 1 9 9 2 )  
as a n o th e r  cell s u rfa c e  m o le cu le  re ­
s tr ic te d  to  a su b s e t  o f  a x o n s  (F ig u re  
3 ) .  It w a s  in itially  t h o u g h t  to  r e p r e ­
sen t a u n iq u e  c la ss  o f  p r o te i n ,  b u t  a 
s u b s e q u e n t  s e a r c h  t h r o u g h  m a n y  
d ifferen t o r g a n is m s  led to  the dis­
c o v e r y  o f  a fam ily  o f  re la te d  m o l ­
ecules p re s e n t  f r o m  v iruses  to  h u ­
m a n s  (D o d d  a n d  S c h u c h a r d t  1 9 9 5 ,  
K o lo d k in  et al.  1 9 9 3 ) .  In a d d i t io n  to  
its n e u r o n a l  e x p r e s s io n ,  s e m a p h o r in  
I is fo u n d  on  th e  s u r f a c e  o f  ep ith elia l  
cells lo ca l iz e d  in s tr ip e s  in the g r a s s ­
h o p p e r  e m b r y o n i c  lim b  bud (F ig u re  
4 b ) .  O n e  o f  these s tr ip e s  se em s to  be 
an  i m p o r t a n t  la n d m a r k  f o r  the g u id ­
a n c e  o f  p io n e e r  s e n s o ry  n e u r o n s .  
P e r tu r b a t i o n  o f  s e m a p h o r in  I using  
a m o n o c lo n a l  a n t ib o d y  ca u se s  ihcse  
n e u r o n s  to  d e f a s c ic u la te  w h en  th ey  
c o m e  in to  c o n t a c t  w ith  the e p i th e ­
lial s tr ip e .
I n d e p e n d e n t  studies s e a rc h in g  for  
m o le c u le s  th a t  p r o d u c e  g r o w th  c o n e  
c o l la p s e  (see F ig u re  2 a )  led to  the  
p u r if i c a t io n  and id e n tif ica tio n  o f  a 
ch ick e n  g ly c o p ro te in  called  c o  I laps in 
(L u o  et al. 1 9 9 3 ) .  S e q u en ce  c o m ­
p a riso n s  rev ealed  th a t  co llap sin  and  
se m a p h o r in  I sh a re  a highly s im ilar  
d o m a i n  t h a t  d e f in e s  the  f a m ily .  
H o w e v e r ,  s e m a p h o r in  I tran s v e rse s  
th e cell m e m b r a n e ,  w h e re a s  col laps in 
and o th e r  m e m b e rs  o f  the fam ily  are  
se cre te d  p ro te in s  w ith  a positively  
ch a rg e d  region  th a t  m ig h t bind to  
n e g a t iv e c h a r g e s  on the p lasm a m e m ­
b ra n e .  T h e  fu n ctio n  o f  the s e m a ­
p h o r in  d o m a in  is n o t  c o m p le te ly  
u n d e r s t o o d ,  but its p re se n ce  in a 
g u id a n ce  p ro te in  in the g r a s s h o p p e r  
and in a ch ick en  p rote in  w ith  c o l ­
lap sin g  a c t iv i ty  is p r o v o c a t i v e :  P e r ­
h aps  s e m a p h o r in  I a c c o m p lis h e s  its 
g u id a n c e  fu n ctio n  th r o u g h  a r e p u l­
sive m e c h a n is m ,  and p e rh a p s  a c o l ­
la p sin g  f a c t o r  m ig h t fu n ctio n  as a 
g u id a n c e  m o le cu le .
S e v e ra l  r e c e n t  s tu d ie s  p r o v i d e  
s o m e  evid en ce  s u p p o r t in g  the la t te r  
p ossibility . An an alysis  of  the g ro w th  
c o n e  b e h a v i o r  o n  c o n t a c t  w i th  
c o l l a p s i n - c o a t e d  b e a d s  ( F a n  and  
R a p e r  1 9 9 5 )  s h o w s  th a t  co lla p sin  
ca n  s te e r  g r o w th  co n e s  a w a y  from  
the b eads (see F ig u re  2 b )  w i th o u t  
p r o d u c i n g  full c o l la p s e ,  in d ica tin g  
t h a t  co l la p s in  is n o t  o n ly  able to  
in h ib it  g r o w th  but m ig h t also  r e o r i ­
en t  g r o w th  c o n e s .  M o r e o v e r ,  re cen t  
w o r k  d o n e  w ith  h u m a n  s e m a p h o r in
I I I ,  t h e  e q u i v a l e n t  o f  c h i c k e n  
co l la p s in ,  h as  d e m o n s t r a t e d  th a r  it 
sp ecif ica lly  rep els  a x o n s  f r o m  one  
g ro u p  o f  ra t  se n so ry  a x o n s  in c u l ­
tu re  w i th o u t  a ffe c t in g  o th e r  a x o n s ,  
in a m a n n e r  c o n s is te n t  w ith  the b e ­
h a v io r  o f  th o s e  a x o n s  in the living  
e m b r y o  ( r e v i e w e d  in D o d d  an d  
S c h u c h a r d t  1 9 9 5 ) .  T h e se  resu lts  a lso  
s u g g e s t  t h a t  th e  s e m a p h o r i n  III/  
co lla p s in  p ro te in  c a n  a c t  as an a x o n  
g u id a n c e  m olecuLe. T h e  Dro so phi la  
s e m a p h o r i n  II, a n o t h e r  s e c r e t e d  
m e m b e r  o f  the fa m ily ,  a lso  has an  
in h ib ito r y  ro le .  W h e n  s e m a p h o r in  II 
is e x p r e s s e d  e c t o p i c a l l y  in t w o  
m u s c le s ,  th e  g r o w t h  c o n e  o f  the
:iintuni ui : i : •
a r r e s t*  in rheir  vicinity  i M a rtb e s  et 
all 1 A s tr ik in g  c h t i r a x te r is t i t
of th e  s e m a p h o r m  fa mi I y is th a t  it 
includes both  so lu b le  rind m e m b ra n e  
p ro te in s ,  su g g estin g  th a t  g u id a n c e  
th ro u g h  rep u ls io n  c .m  be . .c h k \ e  I 
e ith er  using cell su rfa c e  cu es  ( c o n ­
ta c t -m e d ia te d  in h ib itio n )  o r  c h e m o -  
rep u lsio n  by diffusible rep ellents .
In o u r  s e a rc h  for cel I su rfa ce  g u id ­
a n c e  m o lecu les  in the g r a s s h o p p e r  
e m b r y o ,  we have re ce n tly  d is c o v ­
ered a g u id a n c e  p ro te in  e xp re s se d  
on the s u rfa ce  o f  a su b se t  o f  n e u ro n s  
(F ig u re  3 )  th a t  is a m e m b e r  o f  a 
fam ily  until n o w  fu n ctio n a lly  u n r e ­
lated to  a x o n a l  p a th f in d in g  (G a n -  
fo rnina  et al. L 9 9 5 ,  S an ch e z  et af.
1 9 9 5 ) .  T h is  p ro te in ,  la z a r i l lo ,  is rel a - 
rively smaII and h as  a large c a r b o h y ­
d ra te  m o ie ty .  It is a t t a c h e d  to rhe 
e x t r a c e l lu la r  side o f  the n e u ro n al  
p la sm a  m e m b r a n e  th ro u g h  a lipid 
tail. T h e  a m in o  ac id  se q u e n ce  of  
lazarillo  c le a r ly  sh o w s  th a t  it is a 
m e m b e r  o f  the lipocalin  fam ily ,  e x ­
t r a c e l l u l a r  s o lu b le  p r o t e i n s  t h a t  
t r a n s p o r t  sm all lipids both  in in v er­
te b ra te s  and v e r te b r a te s .  U nlike the  
o th e r  lip o ca lin s ,  lazar il lo  is c le ar ly  
involved in the g u id a n c e  o f  a p a r ­
t icu la r  p a ir  o f  c o m m is s u r a l  n e u ro n s  
t o w a r d  the midline o f  the e m b ry o  
(F ig u re  4 a ) ,  b ecau se  p e r tu rb a t io n  of  
the p ro te in  e x p re ss e d  on rhese n e u ­
ro n s  w ith  a m o n o c lo n a l  a n tib o d y  
results  in m is ro u t in g  o f  th eir  a x o n s .
A n e w  c e l l  s u r f a c e  p r o t e i n ,  
la z a r i l lo ,  a lo n g  w ith  a n ew  p ro tein  
fam ily , the l ip o ca lin s ,  can  thus n o w  
be in cluded in the m o l e c u l a r  co d e  
for p a th fin d in g ,  an d  p a r t i c u la r ly  in 
the co d e  gu id in g  a x o n s  to w a r d  and  
a w a y  fro m  the m idline. T h is  a re a  is 
the fo cu s  o f  intense re s e a r c h .  Sev­
eral m o le cu le s  th a t  a re  p ro d u c e d  by 
midline cells h ave been fo u n d  to  
s im u lta n e o u s ly  a t t r a c t  c o m m is s u ra l  
g ro w th  co n e s  while th ey  repel o t h ­
ers (see b o x ) .
C o n t in u i n g  the s e a rc h :  m o r e  ■ ,indi-  
d a te  m olecule !;  for a x o n  g u id a n ce .  
T w o  in tere  ■ t : n;, ftiutat . n the  
ruit fly vvei c I'' iilJ  '
■TS WtTt lv fill ■ f( ■ ■ ii
the g a n g lio n ic  -n.affold o l  a  von p,rth- 
w i vi { 9- ■ ■ -
th e  cc'iirmissuretefi  gene * F igu re  4 a ' 
resu lt  in the a b s c n c c  u f  ptfitrly all 
c e n tr a l  n e rv o u s  sysrem  c o m  im m u res .
M a y  1996
A ............i i; n o t m Lilly p ro je c t across
L: i .nid m e, mi* as rue RP1 or the 
SP I neLtroni, Nil I to tin so ,  and 10 - 
s : ■ . 11J i k- a ^  mils follow  a lrajci_tciry 
th a t  •; norrn.ii hut on the w r o n g  c ide 
Oi i'hi.- c iTiory-''. In co m  m m , the m u ­
ta t io n  r o u n d j h ’jii'i cntt'-y: a x o n -  rh; [ 
d o n o t  n o rm a lly  c ro s s  the midline to 
be a t t r a c te d  to w a rd  it. 1 hcse m u t a ­
tions evidently diM'tip; die a t t r a c ­
tive and repulsive g u id an ce  system  
th a t  d ete rm in es  w hich n e u ro n s  c ro ss  
the m id h n e  and w h ich  ones stay  on 
one side o f  the e m b ry o .  T h e  n a tu re  
of the ro u n d a b o u t  p ro tein  is n o t  yet  
k n o w n , but the gene e n c o d in g  the  
c o m m i s s u r e l e s s  p ro te in  has been  
c lo n e d .  C o m m is s u re le s s  is a t r a n s ­
m e m b r a n e  p ro te in  found specifically  
on the s u rfa ce  o f  the midline cells 
(M itch ell  et al. 1 9 9 4 ) .  T h e  c u rre n t  
idea is th a t  in a d d itio n  to  soluble  
m o r p h o g e n s  th a t  w ou ld  be n e ce s ­
sary  to  a t t r a c t  o r  repel the g ro w th  
c o n e s  to  the midline (sec b o x ) ,  d i­
re c t  c o n t a c t  of the g r o w th  co n e s  
w ith  the s u r f a c e  o f  m idlin e  cells  
m ig h t also  be required .
S im ilarly ,  sev era l  fruit fly m u ­
tants (e .g .,  beaten p a t h , stranded,  
and short  stop)  have been identified  
th a t  are  n e ce ssary  for m o t o n e u r o n s  
to  g r o w  p a st  c e r ta in  c h o ic e  p oin ts  
(Seeger 1 9 9 4 ) .  O n ly  the p rote in  e n ­
co d e d  by st randed  has been c h a r a c ­
terized . It a p p e a r s  to be an in tr a c e l ­
lular m o d u la to r  o f  the c y to s k e le to n  
an d  co u ld  h ave a novel role in re g u ­
lating g ro w th  c o n e  m o tili ty .  A n o th e r  
m u ta n t ,  h e a d l e s s  ( r e v i e w e d  by 
Seeget 1 9 9 4 ) ,  w as  identified by u s­
ing a b e h a v io ra l  ass a y  for a d e fe c ­
tive esca p e  re sp o n se . In these m u ­
ta n ts ,  the a x o n s  o f  the g ia n t  fiber  
p a th w a y  o f  the fruit  fly fail to  m a k e  
a final la teral  bend th a t  n o rm a lly  
d irects  th em  to the a p p r o p r ia te  m o ­
to n e u ro n .  T h e  in a p p r o p r ia te  p a t h ­
w a y  p rev en ts  the f o r m a tio n  of the  
n o r m a l  s y n a p t ic  c o n n e c t i o n .  T h e  
cloning of  the headless  g en e r e ­
sulted in an in -iguing su rp rise :  T h e  
p ro s d f  ■’> rt-'.ite . to lihi: ; iiitin.-con- 
ju g atin g  •■n,'; ivies (e n zy m es involved  
in ta r g e t in g  p ro te in s  for d e g r a d a ­
tio n , cell cy cle  c o n t r o l ,  an d  m o d if i ­
ca t io n  o f  protein  fu n c t io n ) ,  w h ich  
w ere  p rev io u sly  n o t  k n o w n  to  have  
uri) role in g r o w th  c o n e  p a th fin d -  
i n.a.
[I ? n em atu  I : C. with
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7 )
■ 2 \  3 \
w
4 *  V
us------------ -A—--------
V) -
Fi gure  5.  T r a n s i e n t  e xp r e s s i o n  o f  the 
g r a s s h o p p e r  prorein c on ul i n  on rhe s u r ­
face  o f  g r o w t h  c o n e s  is c or r e l a t e d  with 
the r e c og ni t io n o f  s pec i f i c  a x o n  bundles.  
C o n ul i n  is s tor ed in i nt ra ce l l ul ar  vesicles  
b efore  any  protein is l oca l is ed ar the 
cell  s ur f ac e  (step 1).  In the n ex t  s tep (2) ,  
the vesicles are t arget ed to the g r o w t h  
c on e ,  p r o b a b l y  af te r  rhe re ce pt io n of  
s o m e  s ig nal  f r o m  a p a r t i c u l a r  a x o n  
fas icle .  N e x r  (step 3 ) ,  c on u l i n  is l o c a l ­
ized at  the s ur f ac e and is also released 
from the g r o w t h  c on e.  Final ly (step 4 ) ,  
con ul i n  is turned o f f  when the g r o w t h  
c o n e  c h a n g e s  f r om one  f as ci c l e  to a n ­
ot he r .  O t h e r  g r ow t h c on es  t hat  f o l l o w  
di t ferenr  a x o n  bundl es  (green a r r o w )  
never e xpr ess  c on u l i n .  T h e  n a r r o w  t e m ­
poral  and spat ial  w i n d o w  o f  c on u l i n  
e xpr e ss io n m a k es  it an i nt erest ing new 
c an d i d a t e  to regul at e r e c ogni t ion  p r o ­
cesses  duri ng a x o n a l  p a thf i nd ing .
3 0 2  ad u lt  n e u ro n s  ( c o m p a r e d  w ith  
the 2 0 0 0  n e u r o n s  in a single insect  
g a n g lio n  o r  the m illions in a v e r t e ­
b ra te  n e rv o u s  s y s te m ) ,  is a g o o d  
m odel to  look  for a x o n a l  p a th f in d ­
ing m u ta n ts .  T h r e e  m u ta t io n s ,  unc-  
.5, u n c - 6 , an d  i tnc-40,  h av e  received  
special a t te n t io n  b ec a u s e  they affect  
the g u id a n c e  o f  p io n e e r  a x o n s  a lo n g  
the d o r s a l - v e n t r a l  a x is  o f  the e m ­
b ry o .  T h e  c h a r a c t e r i z a t i o n  o f  these  
m u ta t io n s  has led to  the d is co v e ry  
o f  so lu b le  (u n c -6 ) an d  cell su rface  
(u n c -5  an d  u n c - 4 0 )  p ro te in s  th a t  a re  
p a r t  o f  a key g u id a n c e  sy s te m  th at  
a p p e a r s  to  be co n s e rv e d  t h r o u g h o u t  
ev o lu tio n  (see b o x ) .  H o w e v e r ,  the  
role o f  o th e r  e le m en ts  th a t  a re  im ­
p lica ted  in g u id a n c e  of a x o n s  t o ­
w a r d  a n d  a w a y  f r o m  the v e n tra l  
m id lr n e ,  s u c h  as l a z a r i l l o ,  c o m -  
m issu re le ss ,  o r  r o u n d a b o u t ,  needs  
to be u n d e r s t o o d .  C e r ta in ly  the m i d ­
line g u id a n c e  sy s te m  is likely to keep  
d ra w in g  the a t te n t io n  o f  m a n y  r e ­
s e a rc h e rs  for y e a rs  to  c o m e .
In a d d itio n  to  the fruit fly an d  the  
n e m a to d e  as  m o d e l  g e n e tic  sy ste m s,
im p o r ta n t  a d v a n c e s  h av e  b een  m a d e  
using the  z e b ra  fish, w ith  its a c c e s ­
sible an d  t r a n s p a r e n t  e m b r y o .  T h is  
fish has rece n tly  b e c o m e  a m e n a b le  
to  g e n e tic  te c h n o lo g y .  L a r g e -s c a l e  
m u ta n t  scre en s  are  n o w  being  p e r ­
f o r m e d  ( K u w a d a  1 9 9 5 ) ,  a n d  the  
se a rc h  for m u ta t io n s  th a t  affect  the 
a x o n a l  p r o j e c t i o n s  b e t w e e n  the  
retina  an d  the c e n tra l  n e rv o u s  sy s­
tem  is o f  sp ecial  in terest .  A  to ta l  of  
1 7 8  m u ta t io n s  h av e  so  far been id en ­
tified th a t  a ffe c t  the p ro p e r  e s ta b ­
lish m en t o f  these c o n n e c t io n s ,  an  
i m p o r ta n t  step  in the p ro ce s s in g  of  
v is u a l  i n f o r m a t i o n  by th e  a d u lt  
b rain . M a n y  m u ta t io n s  ca u s e  path-  
finding e r r o rs  by the retinal a x o n s  
o n  th eir  w ay  to  the c e n tra l  nervous  
sy s te m . O th e r s  affec t  h o w  the final 
c o n t a c t s  betw een  the retinal a x o n s  
an d  the n e u ro n s  in the ta rg e t  area  
a re  m a d e .  N o n e  o f  these m u ta t io n s  
has yet been fully c h a r a c te r iz e d ,  but 
they a re  c e r ta in ly  likely to  c o n tr i b ­
ute to  the u n d e rs ta n d in g  of path-  
fin d in g  a n d  t a r g e t  re c o g n i t io n  in 
v e r t e b r a te s .
F a sc ic l in  I an d  II, s e m a p h o r in  1, 
la za r il lo ,  L I ,  T A G - 1 ,  an d  m a n y  o t h ­
ers  w ere  in itially  id en tif ied  using  
th e  s t r a te g y  o f  g e n e r a t i n g  m o n o ­
c lo n a l  a n t i b o d i e s  w ith  su g g estiv e  
lab elin g  p a tte r n s  th a t  w ere  su bse­
q u en tly  used to  iso la te  th ese  p r o ­
teins as well as to  test th eir  fu n c­
t i o n s .  In all  s e a r c h e s  b a s e d  on  
e x p re s s io n  p a t te r n s ,  the m ain  c r i te ­
rion used to  c h o o s e  c a n d id a te s  to  
stu d y  has been the sp a tia l  or te m p o ­
ral r e s t r i c t i o n  to  su b s e ts  o f  cells 
w ithin  the n e rv o u s  sy stem . T h e  m ost  
e x t r e m e  c a s e  o f  res t r ic t io n  to  d a te  is 
the  p r o t e i n  t h a t  w e h a v e  n a m e d  
co n u lin  (S a n c h e z  et a ! .  1 9 9 6 ) .  It is 
e x p re s se d  only  on the su rfa c e  o f  a 
su b set  o f  n e u ro n a l  g ro w th  co n e s  in 
the d e v e lo p in g  g r a s s h o p p e r  em b ry o .  
F u r t h e r m o r e ,  th e se  g r o w t h  co n es  
e x p re s s  co n u lin  o n ly  w h en  they are  
t ra v e lin g  a lo n g  a sp e cif ic  su bset of  
c e n tr a l  n e rv o u s  sy s te m  fascicles .  T h e  
p rese n ce  o f  co n u lin  c o in c id e s  with  
the tim es w h e n  th ese  g r o w th  cones  
a re  m a k in g  sp ecif ic  tu rn s  o r  c h a n g ­
ing f r o m  o n e  b u n d le  to  a n o t h e r  
w ithin  the sc a ff o ld  a lre a d y  set by 
the p io n e e r  n e u r o n s  (see F ig u re  5 ) .  
C o n u lin  is a cell s u r f a c e  m o le cu le ,  
but its a s s o c ia t io n  w ith  th e  m e m ­
b ra n e  is e asily  d is ru p te d  a n d  the  
p ro te in  is then re le a se d  in to  the e x ­
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t r a c e l l u l a r  s p a c e .  W e  d o  n o t  y e t  
k n o w  w h e th e r  co n u lin  is re le ase d  to  
p e r f o r m  an a c t iv e  fu n ctio n  by m o d i ­
fying the  e n v ir o n m e n t  s u rro u n d in g  
the g r o w t h  c o n e s ,  o r  w h e th e r  the  
re lea se  is p a r t  o f  a d y n a m ic  cy c le  to  
re s t r ic t  its p re s e n c e  o n  the g r o w t h  
c o n e  s u rfa c e  to  a lim ited  tim e w i n ­
d o w , All o f  th ese  a s p e c ts  o f  the e x ­
p re ss io n  p a t t e r n  a n d  t u r n o v e r  of  
co n u lin  ce r ta in ly  su g g est  a ro le  fo r  
c o n u l in  in the sp e cif ic  r e c o g n it io n  
even ts  th a t  m u st  o c c u r  b e tw e e n  th e  
su b set o f  g r o w th  c o n e s  th a t  e x p re s s  
it an d  the a x o n a l  fa sc ic le s  th ey  n a v i ­
g a te  a lo n g .
C o n c l u s i o n s
T h ese  a re  c e r t a in ly  e x c i t in g  d a y s  fo r  
d e v e lo p m e n ta l  n e u r o b io lo g is ts  as the  
u n d e r s t a n d i n g  o f  th e  j o u r n e y  an  
a x o n  tak es  to  find its ta r g e t  is finally  
u n fo ld in g . In te r e s t in g  insigh ts  a re  
c o m i n g  f r o m  b o th  c e l lu la r  an d  m o ­
le cu la r  re s e a r c h .  A  m u lt i tu d e  o f  n ew  
te ch n iq u e s  is su cce ss fu lly  being used  
to  d e scrib e  g r o w t h  c o n e  a c t iv i t ie s ,  
n o t  o n ly  in c u l tu r e  sy s te m s  but a lso  
in in ta c t  e m b r y o s .  In a d d i t io n ,  m a n y  
n ew  g u id a n c e  m o le c u le s  a re  being  
d is c o v e re d ,  e a c h  o n e  a d d in g  a p iece  
to  a p u zzle  in w h ic h  m a n y  p rote in  
designs a re  in v o lv ed .  B e ca u se  m a n y  
m o le c u la r  m e c h a n is m s  a p p e a r  to  be 
c o n s e rv e d  t h r o u g h o u t  e v o lu t io n ,  the  
m o le c u la r  g u id a n c e  c o d e  fo r  n e u ­
ro n a l  p a th f in d in g  is a lso  e x p e c te d  
to  be g e n e ra l ly  c o n s e r v e d .  A n  im ­
p o r ta n t  e le m e n t  in the  in f o r m a t io n  
p ro c e s s in g  r e q u ire d  fo r  all p a th f in d ­
ing d ecis io n s  has p ro v e n  to  be the  
su rface  o f  g r o w t h  c o n e s  an d  o f  the  
cells th ey  c o n t a c t  d u r in g  th eir  n a v i ­
g a tio n .  C o n s e q u e n t ly ,  the cell s u r ­
fa ce  has a w a k e n e d  m u c h  r e s e a r c h  
in terest .  W e  believe t h a t  d e c ip h e r ­
ing th is  m o l e c u l a r  g u id a n c e  c o d e  
will be a key p o in t  in u n d e rs ta n d in g  
the d e v e lo p m e n t  o f  the n e rv o u s  sy s ­
tem  a n d  h e n ce  its a s to n is h in g  f u n c ­
tio n al  c a p a b il i t ie s .
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